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The Arthropods are diverse and vary extensively in their form, function and life history 
strategies. Some of the apparent variation is likely to be due to how different species control 
their development through the evolution of differing developmental pathways. Insect species 
such as Drosophila melanogaster and Tribolium castaneum have evolved mechanisms for 
controlling the important developmental pathways, canonical terminal patterning, pupation 
and moulting, through the use of one common receptor, Torso. These pathways are controlled 
by two different ligands with trunk controlling canonical terminal patterning and 
prothoracicotropic hormone (PTTH) controlling pupation and moulting. Previous analysis 
has revealed that trunk and PTTH are orthologs of one another. Torso, its ligands as well as 
the spatially restrictive component of the terminal patterning system, torso-like, compose 
what has been termed the Torso Activation Module. Initial inquiries  into the employment of 
these ligands for the control of these pathways have shown that there is variability in whether 
insects employ these methods of controlling canonical terminal patterning, pupation and 
moulting. Unlike D. melanogaster and T. castaneum, the silk moth (Bombyx mori) uses 
PTTH to control pupation and moulting but does not use trunk to control terminal patterning, 
and in fact lack a copy of trunk altogether. Other insect species have also been shown to 
control these pathways in a trunk and PTTH independent manner, with these components 
being seemingly absent in their genomes. Other components of the Torso Activation Module, 
like torso-like have proven to be more universally conserved. Previous analysis of the 
evolution of the conservation of the components of the Torso Activation Module have been 
limited in their scope due to the comparatively fewer number of fully sequenced arthropod 
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genomes available. The recent establishment of the i5k project, an initiative to sequence the 
genomes of 5000 arthropod species, has resulted in a much broader availability of arthropod 
genomes. Seventy or more of a diverse range of arthropod genomes were assayed for the 
presence of the Torso Activation Module components through the employment of rigorous 
bioinformatic techniques as well as phylogenetic analysis. Assaying for the presence of the 
components of the Torso Activation Module allowed for the inference of possible 
evolutionary explanations into how this pathway evolved in the arthropods. These analyses 
revealed that there is significant lability in the loss of some components of the Torso 
Activation Module, namely trunk, PTTH and torso implying that new developmental 
pathways have evolved, multiple times, in order to control terminal patterning, pupation and 
moulting in the arthropods. Torso-like, on the other hand, has been broadly conserved in the 
arthropods, further evidence that it has been historically co-opted into its current role in 
Drosophila melanogaster and Tribolium castaneum.  A more thorough understanding of 
where the gaps in our knowledge lie allowed for the proposition of additional experiments 
which could further our understanding of this invaluable pathway in arthropods and may 
serve as an example of the usefulness of bioinformatics and phylogenetic techniques in 








I would like to thank my supervisors Professor Peter Dearden and Dr Elizabeth Duncan for 
being understanding, supportive and encouraging. I have been unbelievably fortunate to have 
them as my supervisors and honestly would not have managed to complete this thesis without 
them, and for that I am incredibly grateful. I would also like to thank my parents Sonia 
Graham and Terrence Skelly for helping me through the trials and tribulations of undertaking 
this thesis and for their much appreciated support. I would additionally like to thank my 
girlfriend Lianne ten Have for her ongoing support and for keeping me motivated and 
accountable. Last but not least I would like to thank the rest of the members of the Laboratory 
for Evolution and Development for the constructive and friendly working environment they 




TABLE OF CONTENTS 
 
Abstract ................................................................................................................................................ I 
Acknowledgements ........................................................................................................................... III 
Table of Contents .............................................................................................................................. IV 
Abbreviations ................................................................................................................................... VII 
Figures ............................................................................................................................................ VIII 
Chapter One ........................................................................................................................................ 1 
1.0.0 Introduction ............................................................................................................................ 1 
1.1.0 Aims of this study .................................................................................................................. 8 
Chapter Two ...................................................................................................................................... 10 
2.0.0 Torso-like Introduction ........................................................................................................ 10 
2.1.0 Methods for bioinformatics and phylogenetic analysis of torso-like in the Arthropods ...... 11 
2.2.0 Arthropod torso-like results and discussion ......................................................................... 15 
2.2.1 Torso-like co-opted into its role in canonical terminal patterning ....................................... 15 
2.2.2 Origin of torso-like from pore forming toxins ..................................................................... 16 
2.2.3 Phylogenetics of torso-like in the Arthropods ...................................................................... 17 
2.2.4 Duplication of torso-like in the Hemiptera........................................................................... 18 
2.2.5 Duplication of torso-like in the Lepidoptera ........................................................................ 20 
2.3.0 Torso-like; Conclusions ....................................................................................................... 29 
Chapter Three .................................................................................................................................... 30 
3.0.0 Trunk, PTTH and noggin-like Introduction ......................................................................... 30 
3.1.0 Methods for bioinformatics and phylogenetic analysis of trunk, PTTH and noggin-like 
orthologs ........................................................................................................................................ 32 
3.2.0 Bioinformatic and phylogenetic analysis of arthropod cysteine knot proteins results and 
discussion ...................................................................................................................................... 33 
3.3.0 Noggin and noggin-like in the mollusc L. gigantea and the Chelicerates Parasteatoda 
tepidariorum and Ixodes scapularis .............................................................................................. 34 
3.3.1 Noggin-like in the Crustacea ................................................................................................ 34 
3.3.2 Noggin-like in the Non-holometabolous insects .................................................................. 35 
3.4.0 Trunk-like in the Chelicerate I scapularis ............................................................................ 35 
3.4.1 Trunk-like and PTTH-like in the mollusc L gigantea .......................................................... 36 
3.4.2 Trunk in the Arthropods ....................................................................................................... 37 
3.4.3 Trunk in the Diptera ............................................................................................................. 37 
V 
 
3.4.4 Identification of a trunk-like cysteine knot protein in the Hymenoptera A. rosae ............... 38 
3.4.6 Trunk in the Coleoptera ........................................................................................................ 40 
3.5.0 Evolutionary origin of trunk ................................................................................................. 41 
3.6.0 PTTH in the Hemiptera ........................................................................................................ 42 
3.6.1 PTTH in the Hymenoptera ................................................................................................... 42 
3.6.2 PTTH in the Diptera ............................................................................................................. 45 
3.6.3 PTTH in the Lepidoptera ...................................................................................................... 46 
3.6.4 PTTH in the Coleoptera ....................................................................................................... 47 
3.7.0 Evolutionary origin of PTTH ............................................................................................... 47 
3.8.0 Evolution of trunk, PTTH and noggin-like in the Arthropods; Conclusion ......................... 53 
Chapter Four ...................................................................................................................................... 55 
4.0.0 Introduction to torso ............................................................................................................. 55 
4.1.0 Torso Methods ..................................................................................................................... 57 
4.1.1 Constructing a torso Hidden Markōv Model ........................................................................ 57 
4.1.2 Constructing NJ tree ............................................................................................................. 58 
4.1.3 Constructing a Bayesian phylogeny ..................................................................................... 59 
4.2.0 Results and Discussion ......................................................................................................... 60 
4.2.1 Torso in the Diptera.............................................................................................................. 61 
4.2.2 Torso in the Hymenoptera .................................................................................................... 62 
4.2.3 Torso in the Lepidoptera and Trichoptera ............................................................................ 67 
4.2.4 Torso in the Coleoptera ........................................................................................................ 68 
4.2.5 Torso in the Hemiptera ......................................................................................................... 68 
4.2.6 Torso in the basal Insecta ..................................................................................................... 69 
4.2.7 Absence of torso from the Crustacea ................................................................................... 70 
4.2.8 Torso in the Chelicerata ....................................................................................................... 70 
4.2.9 Torso in the Mollusca ........................................................................................................... 70 
4.3.0 Torso in the Arthropods; Conclusion ................................................................................... 71 
Chapter Five ...................................................................................................................................... 73 
5.0.0 Introduction to Parsimony reconstruction of ancestral state ................................................ 73 
5.1.0 Parsimony reconstruction cladogram ................................................................................... 73 
5.2.0 Parsimony reconstruction of torso in the Arthropods and their ancestors ............................ 74 
The early evolution of torso and its broad conservation in the Protostomes implies that it fulfills an 
integral role in the development of these organisms. Although historically important, torso does 
not appear to be indispensable, as a number of loss events have occurred in the evolution of the 
Arthropods.5.3.0 Parsimony reconstruction of torso in the Crustacea .......................................... 74 
VI 
 
5.3.1 Parsimony reconstruction of noggin-like in the Crustacea................................................... 76 
5.4.0 Parsimony reconstruction of Torso Activation Module in the Hemiptera ........................... 77 
5.5.0 Parsimony reconstruction of torso-activation module components in the Hymenoptera ..... 79 
5.6.0 Parsimony reconstruction of torso-activation module components in the Coleoptera ......... 81 
5.7.0 Parsimony reconstruction of torso-activation module components in the Lepidoptera and 
Trichoptera .................................................................................................................................... 84 
5.8.0 Parsimony reconstruction of torso-activation module components in the Diptera .............. 86 
5.9.0 Examining torso-like Evolution in the Arthropods using Parsimony based reconstruction of 
the ancestral state .......................................................................................................................... 93 
Chapter Six ........................................................................................................................................ 95 
6.0.0 Summary and Future Directions .......................................................................................... 95 
6.1.0 Conclusion ............................................................................................................................ 98 
References ....................................................................................................................................... 100 
Appendix ......................................................................................................................................... 113 
Appendix 1: torso-like peptide sequences aligned using Clustalx .............................................. 113 
Appendix 2: trunk and PTTH alignment using Clustalx trimmed with TrimAl ......................... 120 
Appendix 3: torso alignment using Clustalx trimmed using TrimAl .......................................... 122 
Appendix 5: Arthropod Peptide Databases ................................................................................. 131 








PTTH – prothoracicotropic hormone 
ERK – extracellular signal-related kinases 
RTK – receptor tyrosine kinase 
MACPF – membrane attack complex/perforin-like 
HMM – Hidden Markōv Model 
BLAST - basic local alignment search tool  





Figure 1) Molecular mechanisms of Torso signalling; a, b & c) ...………………………………..... 6 
Figure 2) Cladogram of 70 arthropod species ...…………………………………………………..... 7 
Figure 3) Bayesian phylogeny tree of 80 torso-like sequences from 74 arthropod species;  
 A) ………………………………………………………………………………………..... 23 
 B & C) Lepidoptera and Trichoptera ..……………………………………………............. 24 
 D) Diptera ..……………………………………………………………………….............. 25 
 E) Coleoptera ..……………………………………………………………………............. 26 
 F) Hymenoptera ...………………………………………………………………………… 27 
Figure 4) Lepidoptera and Trichoptera torso-like gene models; a, b & c) ...……………………… 28 
Figure 5) Bayesian phylogeny tree of trunk and prothoracicotropic hormone orthologs; ...……… 50 
 A) Trunk ...………………………………………………………………………………... 51 
 B) PTTH ...………………………………………………………………………………... 52 
Figure 6) Bayesian phylogeny tree of torso orthologs; ...…………………………………………. 63 
 A & B) Lepidoptera and Coleoptera ...…………………………………………………… 64 
 C) Hymenoptera ...………………………………………………………………………... 65 
 D) Diptera ...………………………………………………………………………………. 66 
Figure 7) Parsimony reconstruction cladogram of Torso Activation Module components in 70 
Arthropod species; 
 A) torso ...…………………………………………………………………………………. 88 
 B) noggin/noggin-like ……………………………………………………………………. 89 
 C) prothoracicotropic hormone …………………………………………………………... 90 
 D) trunk …………………………………………………………………………………... 91 







The Arthropod phylum is the most specious animal phyla making up about 80% of described 
living animal taxa (Zhang 2013). The Arthropods display a large amount of diversity in their 
form, function and their life history strategies. Arthropods are in the monophyletic group 
bilateria, bilaterians are morphologically diverse, the majority have a number of shared body 
plan features including a central nervous system, a through gut, a coelom, triploblasty and of 
course bilateral symmetry (reviewed in Willmer (1990)). Two main hypotheses exist 
regarding the evolution of bilateral symmetry. Bilateral symmetry is thought to have resulted 
from either the benefits it provides for directional locomotion (Ruppert et al. 2004) or 
alternatively improved circulation (Finnerty 2005). An increase in polarisation of sensory 
and food intake organs generally results from directional locomotion (Finnerty 2005). The 
bilateral symmetry seen in the Bilateria is a complex trait that relies on interplay of multiple 
genes, with different genes defining the anterior-posterior and the dorsal-ventral axis.  
In Drosophila melanogaster four localized maternal signals define the basic organization and 
polarity of the two major embryonic axes (St Johnston and Nüsslein-Volhard 1992). These 
signals specify cell states and provide a pre-pattern for subsequent development . The 
anterior, posterior and terminal systems define the anterior-posterior axis, and the dorso-
ventral system defines the dorso-ventral axis (St Johnston and Nüsslein-Volhard 1992). The 
anterior system is controlled by bicoid mRNA which is secreted by the ovarian nurse cells. 
The spatially restricted translation of bicoid activates anterior gap genes such as 
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orthodentical, buttonhead and hunchback which allow for the regional specification of the 
anterior components of the embryo. Bicoid deficient embryos do not develop an acron, head 
or thorax (St Johnston and Nüsslein-Volhard 1992). The posterior system is established 
through the secretion of posterior scaffold components by the ovarian nurse cells in order to 
bind nanos mRNA and localize it to the anterior pole. The nanos mRNA functions to block 
the translation of hunchback in the posterior region of the embryo and activates the posterior 
gaps genes such as knirps and giant. Nanos deficient embryos do not develop an abdomen 
(St Johnston and Nüsslein-Volhard 1992). The genes that control axis formation in 
Drosophila melanogaster have been found to be absent in the genomes of a range of other 
insects (Dearden et al. 2006; Richards et al. 2008; Weinstock et al. 2006; The International 
Aphid Genomics Consortium 2010) which implies that axis formation is a relatively fast 
evolving pathway, to which the terminal system appears to be no exception (Wilson and 
Dearden 2011). 
The ‘Torso Activation Module’ consists of four primary components; torso, trunk, PTTH 
(prothoracicotropic hormone), and torso-like (Duncan et al. 2014). Most of the components 
of the Torso Activation Module were identified through mutant screening in Drosophila 
melanogaster, besides PTTH (St Johnston and Nüsslein-Volhard 1992; Schüpbach and 
Wieschaus 1986; Schüpbach and Wieschaus 1989; Schüpbach and Wieschaus 1991; 
Perrimon et al. 1989; Luschnig 2004) . Torso is a receptor tyrosine kinase (RTK) which is 
activated by the two cysteine knot proteins trunk, in D. melanogaster, (Casali and Casanova 
2001) and PTTH, in D. melanogaster and Bombyx mori, (Gu et al. 2010; Rewitz et al. 2009). 
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The activation of torso by trunk or PTTH triggers an intracellular ERK (extracellular signal-
regulated kinases) signaling cascade (Brönner and Jäckle 1991; Brönner and Jäckle 1996).  
Although both trunk and PTTH activate torso they facilitate different developmental 
processes. In D. melanogaster the activation of torso through the binding of trunk facilitates 
the patterning of the anterior and posterior termini in the embryo, a process called canonical 
terminal patterning (St Johnston and Nüsslein-Volhard 1992; Nüsslein-Volhard et al. 1987). 
The transcription factors huckebein (Brönner and Jäckle 1991; Brönner and Jäckle 1996) and 
tailless (Pignoni et al. 1992; Klingler et al. 1988; Strecker et al. 1989) are expressed as a 
result of torso ERK signaling degrading the transcriptional repressor capicua (Grimm et al. 
2012). The mRNA for both trunk and torso are maternally provided to the D. melanogaster 
oocyte (Casanova et al. 1995; Sprenger et al. 1989). torso is expressed in tight association 
with the surface membrane of early D. melanogaster embryos and is ubiquitously distributed 
along the cell surface (Casanova and Struhl 1989).  
The activation of torso by trunk is spatially restricted even though both the receptor and 
ligand are ubiquitously expressed (Casanova and Struhl 1989). Of the components of 
canonical terminal patterning torso-like is the only one to be spatially restricted to the 
terminal regions of the D. melanogaster embryos (Stevens et al. 1990; Savant-Bhonsale and 
Montell 1993). Torso-like RNA is expressed in the border cells and posterior follicle cells 
(Savant-Bhonsale and Montell 1993; Furriols et al. 2007). Torso-like is a member of the 
membrane attack complex/perforin-like (MACPF) protein superfamily (Ponting 1999; 
Rosado et al. 2007). MACPF have the ability to disrupt the membranes of cells through the 
formation of oligomeric pores (Kondos et al. 2010). Genetic screening of the canonical 
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terminal patterning pathway indicates that torso-like acts upstream of trunk and torso 
(Stevens et al. 1990). The spatial restriction along with being upstream of torso and trunk 
implies that torso-like is responsible for the spatially restricted activation of torso by trunk. 
The mechanism through which torso-like restricts torso activation by trunk is still yet to be 
determined. Current hypostheses suggest that torso-like functions by regulating the 
localization of trunk. This is due to torso-like interacting with the embryo plasma membrane 
resulting in the spatially restricted activation of torso by trunk (Johnson et al. 2015).  
Canonical terminal patterning has also been identified in other insect species including 
another Dipteran species Anopheles gambiae (Goltsev et al. 2004) and the Coleoptera 
Tribolium castaneum (Schoppmeier and Schröder 2005). As in D. melanogaster trunk RNA 
is maternally provided in T. castaneum. T. castaneum is a short-germ band insect, in which 
the embryo extends from the posterior growth zone and is segmented progressively (Davis 
and Patel 2002). D. melanogaster, on the other hand, is a long-germ band insect, in which 
segments are defined concurrently (Davis and Patel 2002). The T. castaneum canonical 
terminal patterning system is used to determine the fundamental developmental region the 
embryonic serosa (Schoppmeier and Schröder 2005). The canonical terminal patterning 
system in T. castaneum also sets up the posterior growth zone in a wingless dependent 
manner (Schoppmeier and Schröder 2005; Schröder et al. 2000).  
Components of canonical terminal patterning, although fundamental in the development of a 
range of insects, are absent in a number of others including Acyrthosiphon pisum (Shigenobu 
et al. 2010; Bickel et al. 2013; Duncan et al. 2013), Nasonia vitripennis (Lynch et al. 2012), 
Apis mellifera and B. mori (Dearden et al. 2006). In addition to the absence of components, 
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the canonical terminal patterning pathway is show to be inactive in A. mellifera (Wilson and 
Dearden 2009) and N. vitripennis (Lynch et al. 2012).  
The arthropods are a member of the superphylum ecdysozoa, which have the shared 
morphological characteristic of moulting, also known as ecdysis (Aguinaldo et al. 1997). In 
order to grow arthropods need to moult. This requires the shedding of their extracellular 
cuticle and subsequent expansion of a new flexible exoskeleton which then hardens to allow 
for defense and locomotion (Ewer 2005).  
In the insects D. melanogaster and B. mori the steroid hormone 20-hydroxyecdysone, which 
is responsible for the timing of pupation and moulting (Henrich et al. 1999; Wratten et al. 
2006), is released in response to PTTH (Rybczynski 2005; Colombani et al. 2005; Layalle et 
al. 2008; McBrayer et al. 2007; Mizoguchi et al. 2013).  In B. mori PTTH is produced in the 
brain by two pairs of dorso-lateral neurosecretory cells which terminate in the corpus allatum 
(Dai et al. 1994; Agui et al. 1979; Mizoguchi et al. 1990). PTTH is released from the corpus 
allatum into the hemolymph of B. mori leading to its subsequent transportation to the 
prothoracic gland where it initiates the production and release of 20-hydroxyecdysone 
(Rybczynski et al. 2001; Rybczynski and Gilbert 2003; Smith and Gilbert 1989). In D. 
melanogaster the pair of bilateral neurosecretory cells innervate the prothoracic gland 
directly as opposed to the corpus allatum like in B. mori (McBrayer et al. 2007).  PTTH 
initiates the production and release of 20-hydroxyecdysone by binding to the receptor torso 
in D. melanogaster (Rewitz et al. 2009). The molecular mechanisms of torso signaling are 










1.1.0 Aims of this study 
 
Although relatively well defined in a subsection of commonly used model organisms 
(Duncan et al. 2013) the conservation of Torso Activation Module in a broader range of 
insects has only recently begun to be explored in the analysis contained within this thesis and 
previously by Duncan et al, (2013).  
A rapid influx of Arthropod genomes, thanks in part to the i5k project in which a 
collaboration of researchers from around the globe aim to sequence and annotate the genomes 
of 5000+ Arthropod genomes, has allowed for a broader range of Arthropods to be analysed 
(i5K Consortium 2013; Robinson et al. 2011). Analysing a large number of Arthropods for 
Torso Activation Module components will aid in developing an understanding of how 
broadly these components are conserved (for the times of evolutionary divergence in 
Arthropods analysed see Figure 2). Knowing which species possess components Torso 
Activation Module will provide insight into which species are likely to employ canonical 
terminal patterning and/or PTTH dependent pupation and moulting systems. 
A Hidden Markōv Model (HMM) approach has been used successfully to identify distantly 
related homologs of trunk, PTTH and their distantly-related ortholog noggin-like in a diverse 
range of arthropods (Duncan et al. 2013). The same HMM approach was employed in an 
attempt to explore the genomes of a large number of additional Arthropods in order to 
identify previously unidentified trunk, PTTH and noggin-like orthologs. The HMM approach 
can identify homologous orthologs even when the overall sequence conservation levels are 
quite low when compared to other techniques (Duncan et al. 2013). A HMM approach was 
further used to identify torso orthologs in these same species. A basic local alignment search 
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tool (BLAST) search was used to identify torso-like orthologs. Construction of Bayesian 
phylogeny trees enabled the evaluation of the phylogenetic relationships between the 
different identified Torso Activation Module components.  
 The evolution of alternative mechanisms for controlling canonical terminal patterning, 
pupation and moulting could be identified through the identification of species in which 
Torso Activation Module components are absent. Knowing how often alternative 
mechanisms for controlling terminal patterning, pupation and moulting evolve provides 
useful information in regards to how labile these systems are in the evolution of the 
arthropods. Therefore building a better understanding of the evolution of not only Torso 
Activation Module dependent developmental processes, but also where alternative 
mechanisms for controlling these processes arose in Arthropod species. Bioinformatics and 
phylogenetic techniques provides a solid frame work which aids in identifying where current 
gaps in our understanding about the processes of terminal patterning, pupation and moulting, 





2.0.0 Torso-like Introduction 
 
The torso-like protein is the only known spatially restricted component of canonical terminal 
patterning in D. melanogaster, which suggests that it is responsible for the spatially restricted 
activation of torso by trunk (Ponting 1999; Rosado et al. 2007). A torso-like gene is not only 
present in insects which rely on canonical terminal patterning to designate termini, but is also 
present in a range of insects examined to date (Duncan et al. 2013). The ubiquitous presence 
of torso-like in insects, including species that do not employ canonical terminal patterning, 
implies that the role of torso-like in insects predates its role in canonical terminal patterning. 
torso-like is thus likely to have been co-opted for use in the canonical terminal patterning in 
those insects that employ this mechanism (Duncan et al. 2013).  
Although the torso-like gene is largely conserved in insects, its role in canonical terminal 
patterning remains unclear, as does its pre-canonical terminal patterning role (Duncan et al. 
2014). The primary conserved domain which provides a possible role for torso-like is its 
MACPF protein domain (Fargnoli and Waring 1982). As its name suggests the MACPF 
domain is involved in the formation of pores in membranes (Kondos et al. 2010). The 
MACPF domain is present in most life forms and perform a diverse range of functions. 
MACPF is employed in many different roles, including, but not limited to, pore-forming 
toxins, proteins involved in neuronal cell migration and formation of pores in the membranes 
of invading pathogens (Gilbert et al. 2013; Rosado et al. 2008; Zheng et al. 1996). It has 
been suggested that torso-like acts as a protease. Recent research has revealed trunk has been 
shown to be cleaved by Furin and is subsequently secreted in a process which requires torso-
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like, ruling out the previously suggested hypothesis that torso-like acts as a protease (Johnson 
et al., 2015). The vitelline membrane is an extracellular matrix that surrounds the egg and 
protects it from external factors. The vitelline membrane also acts as an outer rigid eggshell 
and a substrate for attachment of structural proteins of the embryo (Stevens et al. 2003). 
Current hypotheses for the role of torso-like in canonical terminal patterning involve torso-
like allowing trunk to specifically traverse the vitelline membrane of D. melanogaster, 
allowing for spatially restricted activation of torso at the termini of the embryo (Fargnoli and 
Waring 1982).  
This chapter aims to determine the evolutionary history of torso-like in insects and extends 
to looking for orthologs in a range of non-insect arthropods. This study hypothsizes that 
torso-like is broadly conserved throughout the arthropods especially in species that employ 
canonical terminal patterning such as D. melanogaster and T. castaneum.  
 
2.1.0 Methods for bioinformatics and phylogenetic analysis of 
torso-like in the Arthropods 
 
Predicted peptide sequences from the genomes of 74 different arthropod species were 
BLAST searched using Blastp, using the torso-like sequence from D. melanogaster 
(FBpp0083563). BLAST directly approximates alignments that optimise a measure of local 
similarity called the maximal segment pair score. The BLAST algorithm is simple, robust 
and versatile. BLAST has a high level of mathematic tractability and is significantly faster 
than methods which use exact methods of sequence similarity due to the use of heuristics. 
Heuristics are devised to solve a mathematical problem more quickly, generally by using an 
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approximate solution. Heuristics often have a tradeoff of optimality, completeness, accuracy, 
or precision for speed (Altschul et al. 1990). As torso-like is well conserved, a direct BLAST 
search on peptide sequences is sufficient to detect orthologs in Arthropods (Duncan et al. 
2013). The species included in the analysis spanned a range of different arthropod groups 
including Crustacea (crabs, lobsters, crayfish, shrimp, krill, woodlice and barnacles; five 
species), Ephemeroptera (mayflies; one species), Hemiptera (bugs; eight species), Isoptera 
(termites; one species), Odonata (dragonflies and damselflies; one species), Phthiraptera 
(lice; one species), Lepidoptera (butterflies and moths; four species), Trichoptera 
(caddisflies; one species), Diptera (flies and mosquitoes; 26 species), Hymenoptera (sawflies, 
wasps, bees and ants; 21 species) and Coleoptera (beetles; five species) (the species included 
can be found in the supplementary text Appendix 5). The peptide BLAST search (blastp) was 
used to identify peptide sequences with an expect value (E value) under 0.001 making it more 
likely that non torso-like sequences were excluded from the analysis. The E value is a 
parameter that describes the number of hits expected by chance when searching a database 
of a particular size. The E value decreases exponentially as the score of the match increases. 
Therefore the lower the E value the more significant the match is. The E value can be used 
as a convenient way to create a significance threshold for reporting results. Using a very low 
E value (like 0.001 for example) results in only the most significant results being included in 
any subsequent analyses. E value cut off are selected in order to balance the computation 
time and the sensitivity of the search (Altschul et al. 1990). Exact sequence matches were 
removed using GenomeTools sequniq (Version 1.5.6; Gremme et al. 2013) so that duplicate 
sequences were excluded in order to increase the speed of subsequent phylogenetic analysis. 
Full length peptide sequences were aligned using ClustalX (Version 2.0; Larkin et al. 2007) 
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using the default parameters. ClustalX is an alignment tool which has a graphical interface 
for ClustalW (Thompson et al. 1997). Sequence alignment allows for the homology of the 
aligned sequences to be inferred. Multiple sequence alignments are used to construct a data 
matrix for subsequent phylogenetic analysis. ClustalX starts by aligning all pairs of 
sequences separately in order to construct a distance matrix providing the divergence of each 
of these sequence pairs. ClustalX subsequently constructs a guide tree which is calculated 
from the previously constructed distance matrix. Clustalx then progressively aligns the 
sequences according to the branching order through the use of the guide tree (Thompson et 
al. 1994). The ClustalX alignment method allows for a large number of sequences to be 
aligned with good computational efficiency (Thompson et al. 1994). A Bayesian phylogeny 
tree of the torso-like peptides was constructed using MrBayes (Version v3.2.2; Ronquist and 
Huelsenbeck 2003). In a Bayesian analysis inferences of phylogeny are based upon the 
posterior probabilities of phylogenetic trees (Huelsenbeck and Ronquist 2001). Advantages 
to using Bayesian analysis include the ease of interpreting results and computational 
efficiency (Huelsenbeck and Ronquist 2001). MrBayes is a command line program used for 
Bayesian phylogenetic inference by using a variant of Markōv chain Monte Carlo, a method 
of taking sample from the probability of a distribution, to approximate the posterior 
probabilities of trees (Huelsenbeck and Ronquist, 2001).  The tree priors were set to the WAG 
model (Whelan and Goldman 2001). The WAG model of amino acid replacement is based 
on an approximate maximum-likelihood method (Whelan and Goldman 2001). Allowing for 
relatively accurate phylogenetic tree estimates when compared to other amino acid 
replacement models which use only parsimony-based or maximum-likelihood methods 
(Whelan and Goldman 2001). The Bayesian phylogeny tree priors were set to 2,000,000 
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generations so as to get a standard deviation of split frequencies under 0.01. A standard 
deviation of under 0.01 is a good indicator of convergence (Huelsenbeck and Ronquist 2001). 
A sample and print frequency of 1000 was used. The sample frequency setting determines 
how often the chain is sampled in this case running the analysis for 2,000,000 generations 
and sampling every 1000 generations results in a total of 2000 samples being taken. The 
MrBayes manual suggests taking at least 1000 samples (Huelsenbeck and Ronquist 2001). 
The print frequency used was the same as the sample frequency so that  A burn-in fraction 
of 25% was used to discard the first quarter of trees from the final tree construction and 
statistical analysis. A burn-in of 25%, discarding 500 of the 2000 samples taken, the burn in 
fraction was used under the assumption that samples taken after were in the stationary 
distribution of the Markōv chain Monte Carlo (Huelsenbeck and Ronquist 2001). Visual 
inspection of the tree revealed possible splice variants that grouped together. Splice variants 
were aligned using ClustalX and visually inspected. Only the longest splice variants were 
retained for phylogenetic analysis. Eighty torso-like sequences remained from the 74 species.  
The Curated sequences were aligned using ClustalX. A Bayesian phylogeny tree of the torso-
like peptides was constructed using MrBayes with the curated sequences. The tree priors 
were set to the WAG model (Whelan and Goldman 2001).The Bayesian phylogeny tree 
priors were set to 2,000,000 generations with a sample and print frequency of 1000. The 
average variation between the split frequencies, a metric used to asses convergence, was less 
than 0.01 in the Bayesian phylogeny tree construction, a value which is considered to be 
indicative of a robust phylogeny (Version v3.2.2; Ronquist and Huelsenbeck 2003).  
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Lepidoptera and Trichoptera gene model diagrams were based upon mRNA sequence data 
where available (Manduca sexta, B. mori and Plutella xylostella), if mRNA sequence data 
was not available the predicted gene model was used instead (Danaus plexippus and 
Limnephilus lunatus). Gene model diagrams were constructed using GenePalette (version 
1.38; Rebeiz and Posakony 2004). 
 
2.2.0 Arthropod torso-like results and discussion 
 
All of the 74 arthropod genomes that were searched have a torso-like ortholog. The presence 
of torso-like in all of the arthropod genomes supports the hypothesis that torso-like is 
conserved in all Arthropods since the evolution of Crustacea (Duncan et al. 2014). Torso-
like is found in both arthropods that rely on canonical terminal patterning mechanisms (D. 
melanogaster, T. castaneum) and those that do not (A. pisum and A. mellifera) (Duncan et al. 
2013; Lynch et al. 2012). As torso-like is present in insects, and other arthropods which are 
basal to the Coleoptera and Diptera as is shown in this analysis and subsequently by Duncan 
et al., (2013) it seems very likely that torso-like has roles in insects which are discrete from 
its roles in canonical patterning. 
 
2.2.1 Torso-like co-opted into its role in canonical terminal 
patterning 
 
The role of torso-like in canonical terminal patterning is likely to have been co-opted from 
yet to be described roles in other arthropods, as it is found in arthropods that do not use the 
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canonical terminal patterning system. torso-like orthologs are yet to be found in arthropods 
outside  the pan-Crustacea (Duncan et al. 2013). The evolutionary origins of torso-like are 
therefore currently unknown. The employment of more rigorous searching, using a broader 
range of species, may yet uncover a more ancient origin of torso-like. The recent increase in 
available genomes from chelicerates and non-insect arthropods may aid in identifying a more 
ancient origin of torso-like by allowing for broader sampling in these more distantly related 
groups. 
  
2.2.2 Origin of torso-like from pore forming toxins 
 
The current hypothesis for the origin of torso-like involve it being co-opted from pore 
forming toxins that share the MACPF domain and may have evolved rapidly (Duncan et al., 
2014). There is also a possibility that torso-like was acquired through horizontal gene 
transfer; this hypothesis is made more likely by the presence of MACPF throughout the 
majority of living organisms, with torso-like being the only identifiable MACPF in D. 
melanogaster (Ponting 1999; Rosado et al. 2007). This would need to be tested through the 
comparison of torso-like to orthologs in other organisms. Additionally, similarity between 
sequences may be lacking, as torso-like is likely to be very different in its sequence to the 
MACPF domain proteins found in other arthropods and would have had its sequence shaped 
by its co-option into the novel roles it plays in arthropods. The conservation of the torso-like 
sequence supports the idea that torso-like must have an important and conserved function in 
arthropods since the evolution of the Crustacea, even though its function is still yet to be 




2.2.3 Phylogenetics of torso-like in the Arthropods 
 
The Bayesian analysis of the 74 arthropod orthologs found reveal groupings similar to current 
models of phylogenetic relationships between arthropod species apart from the placement of 
the Hemiptera more basal in the tree than the more ancient Isoptera, Odonata and 
Ephemeroptera groups. A possible explanation for the phylogenetic tree not reflecting current 
species groupings could be a result of the Hemiptera orthologs being more divergent than 
those seen in the Isoptera, Odonata and Ephemeroptera species included in the analysis. 
Whether the torso-like peptide orthologs from Isoptera, Odonata and Ephemeroptera are 
reflective of the groups as a whole cannot be concluded from the current analysis. As 
additional genome sequences from Isoptera, Odonata and Ephemeroptera species become 
available the apparent groupings in the torso-like tree constructed may be more thoroughly 
assessed. Alternatively the groupings may reflect convergence resulting from selective 
pressures due to a function shared by the Isoptera, Odonata and Ephemeroptera species but 
not the Hemiptera groups. Further mechanistic studies such as screening torso-like orthologs 
from the Isoptera, Odonata and Ephemeroptera for the ability to rescue a torso-like knockout 
phenotype in a Hemipteran species, like A. pisum, for example, would provide further insight 





2.2.4 Duplication of torso-like in the Hemiptera 
 
Torso-like has been duplicated in arthropods multiple times. Torso-like duplication has 
occurred at least three times in the evolution of insects (Figure 3A). Species-specific 
duplications appear to have occurred independently in the Hemipterans Oncopeltus fasciatus 
and A. pisum (the pea aphid). Both the torso-like duplicates from A. pisum and O. fasciatus 
group-out in very different regions of the torso-like Bayesian phylogeny tree. The divergence 
between the two A. pisum torso-like orthologs are likely to be a result of rapid sequence 
divergence. The first A. pisum ortholog groups with the ortholog from the crustacean 
Daphnia pulex, whereas the second A. pisum ortholog groups with the Hemipteran 
Diaphorina citri. The grouping of the first A. pisum ortholog with D. pulex is moderately 
supported by the associated posterior probability statistic (0.92; Figure 3A). The grouping of 
the second A. pisum ortholog with D. citri is strongly supported by the associated posterior 
probability statistic (0.98; Figure 3A). The apparent associations of A. pisum with the relevant 
orthologs implies that the second torso-like ortholog is possibly functionally reminiscent of 
the role of torso-like orthologs in the other Hemiptera species. The first torso-like ortholog 
in A. pisum and its grouping with the torso-like ortholog in the crustacean D. pulex may imply 
that its function is more closely related to the role of torso-like in crustaceans. Upon close 
examination of the alignment of the orthologs from D. pulex and the heavily diverged A. 
pisum torso-like it seems likely that the grouping out of these sequences is the result of long 
branch attraction (Figure 3A). Long-branch attraction is the erroneous grouping of two or 
more long branches as sister groups due to methodological artifacts (Bergsten 2005). Long 
branch attraction is suggested as the reason for the same D. pulex and A. pisum sequences 
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grouping out in (Duncan et al. 2013). In order to determine whether the sequence grouping 
of the two A. pisum orthologs with their associated orthologs is a reflection of similar 
functions, mechanistic studies need to be carried out. Performing a torso-like knockout in A. 
pisum is not currently possible, however, establishing CRISPR/Cas9 mediated genome 
editing (Cong et al. 2013) in A. pisum would allow for the functional analysis of the effects 
of a torso-like knock out in this species. CRISPR/Cas9 mediated genome editing has 
successfully been used in other insects D. melanogaster and B. mori (Yu et al. 2013; Bassett 
et al. 2013; Gratz et al. 2013; Wang et al. 2013). Once the effects of a torso-like knockout in 
A. pisum is established, functional similarity of the torso-like orthologs of D. pulex and A. 
pisum could be determined.  By assessing whether introduction of the more similar sequence 
from D. pulex into a torso-like knockout A. pisum rescues the established knockout phenotype 
it can be infered whether the grouping is due to long branch attraction or not. 
Both O. fasciatus torso-like orthologs group with those from the Hemiptera implying that the 
orthologs may have conserved or overlapping functions, suggesting that there is selective 
pressure on the evolution of these proteins. Alternatively there has not been sufficient time 
in the evolution in O. fasciatus to enable the discrete roles of the orthologs to be reflected by 
their respective peptide sequence. It has been suggested that the duplication of a gene allows 
for the development of new and novel functions, and has historically been thought to be one 
of the major driving factors of evolution (Holland et al. 1994; Sidow 1996; Ohno 1970). The 
divergent relationship between the two A. pisum orthologs is more suggestive of discrete 
functions than the more closely related O. fasciatus orthologs. Hence the sequence 
divergence of the torso-like orthologs in these species may be a consequence of the increased 
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sequence flexibility resulting from the protective function that an additional copy of the gene 
provides. Expression of both torso-like orthologs from A. pisum in D. melanogaster showed 
that over-expression of the torso-like ortholog, which groups out with the Hemipterans, has 
biochemical activity which is the same as torso-like from D. melanogaster (Duncan et al. 
2013). It is possible that the more sequence diverged A. pisum ortholog may have developed 
a new molecular function (Duncan et al. 2013). The different molecular function shown in 
the diverged A. pisum ortholog shows that torso-like has the ability to evolve new molecular 
functions (Duncan et al. 2013). 
 
2.2.5 Duplication of torso-like in the Lepidoptera 
 
All four of the Lepidoptera species included in the analysis were found to have two torso-
like orthologs. The presence of torso-like orthologs in all four of the Lepidoptera species and 
the apparent absence of multiple torso-like orthologs from the Trichoptera species L. lunatus 
make it likely that the duplication of torso-like occurred after the divergence of the 
Trichoptera and Lepidoptera lineages approximately 210 Ma (Figure 2). Additional 
Trichoptera species would need to be searched for torso-like orthologs in order to decisively 
conclude whether the apparent absence of a duplication of torso-like in L. lunatus is 
representative of all Trichoptera. At this stage no other whole Trichoptera species genomes 
are available for analysis. The absence of duplicates in more basal species such as L. lunatus, 
and other more distantly related holometabolous insects (Figure 3B, D, E and F), makes it 
unlikely that the torso-like duplication occurred earlier on in the evolution of Lepidoptera 
and that the duplicate was lost in L. lunatus.  
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There are a number of factors that support the conclusion that the torso-like duplications seen 
in the Lepidoptera are unlikely to be the result of errors in genome sequencing or genome 
assembly. The torso-like one orthologs in the Lepidoptera species are more similar to torso-
like orthologs in other species than they are to torso-like two sequences in the same species 
(Figure 3A and B). The torso-like similarity pattern suggests that the ortholog duplication 
resulted from a single historical duplication event in the common ancestor of Lepidoptera. 
The orthologs within a species are also found closely to one another in a head to tail 
orientation (in M. sexta, D. plexippus and P. xylostella anyway) within the genome of the 
Lepidoptera species, often on the same genome scaffold (data not shown). A BLAST search 
against the B. mori database failed to locate the region of one of the torso-like orthologs in 
the B. mori genome assemblies (The International Silkworm Genome 2008). Both B. mori 
torso-like orthologs were identified in the assembly ASM1162v1 (GCF_000151625.1) on 
the NCBI genebank at location NW_004581689.1 and NW_004581802.1, but it isn’t clear if 
these scaffolds are linked. 
The exon-intron structures are also consistent with the historic duplication theory of the 
origin of torso-like in the Lepidoptera. M. sexta, B. mori, P. xylostella and D. plexippus torso-
like one all have seven translated exons (Figure 4A). M. sexta, D. plexippus and P. xylostella 
torso-like two are all composed of five translated exons (Figure 4B).  B. mori torso-like two 
has an additional exon that corresponds to the first exon in the other Lepidoptera torso-like 
orthologs. The extra exon in the M. sexta, B. mori and D. plexippus torso-like one resulted 
from torso-like two translated exon three splitting into two separate translated exons. The 
torso-like ortholog from L. lunatus is only composed of two translated exons. The first 
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translated torso-like ortholog of L. lunatus corresponds to the first three translated exons of 
Lepidoptera torso-like one and therefore the first four exons of torso-like two. The second 
translated exon from L. lunatus torso-like corresponds to the remaining two translated 





















2.3.0 Torso-like; Conclusions 
 
Torso-like is present in a number of insects and other arthropods which do not rely on 
canonical terminal patterning to designate developmental termini, this implies that torso-like 
was co-opted into terminal-patterning from an ancestral function. This analysis shows that 
torso-like orthologs are encoded in all insect genomes analysed so far. The alternative or 
ancestral role of torso-like in canonical terminal patterning dependent and non-dependent 
arthropods is still yet to be determined. The broad conservation of torso-like does however 
imply that whatever it is doing is important enough to be conserved. There are three examples 
of duplications in the evolution of torso-like in insects. The duplications in O. fasciatus and 
A. pisum are likely to be species specific as the other Hemiptera species analysed did not 
have two orthologs. The orthologs in A. pisum are relatively divergent with one ortholog 
grouping out within the Crustacea, probably due to long branch attraction, whilst the other 
grouped out within the Hemiptera. Both O. fasciatus orthologs grouped out within the 
Hemiptera, showing relative sequence conservation. Further work is required to determine 
whether sequence divergence reflects functional divergence. The duplication seen in M. 
sexta, B. mori, P. xylostella and D. plexippus is a historical duplication, which took place in 
the common ancestors of the Lepidoptera. This yielded two different conserved yet discrete 
orthologs. Mechanistic studies will need to be carried out in order to determine if these two 
peptides are functionally discrete as well. The increased understanding in regards to the 
evolution of torso-like in insects will allow for a more informed analysis into the function of 
torso-like in both canonical terminal patterning dependent and non-dependent arthropods in 





3.0.0 Trunk, PTTH and noggin-like Introduction 
 
The cysteine knot protein trunk is an essential part of the canonical terminal patterning 
pathway (Casali and Casanova 2001; Casanova 1990; Casanova et al. 1995). The activation 
of the receptor torso by its ligand trunk is integral to the designation of the terminal regions 
of Drosophila embryos. Evidence suggests that canonical terminal patterning is also involved 
in terminal determination in other Diptera species, like the mosquito A. gambiae (Goltsev et 
al. 2004).  
The Tribolium ortholog of trunk is maternally inherited and has been shown to be essential 
for terminal patterning (Grillo et al. 2012). Tribolium is a short germ band insect as segments 
are sequentially specified from the posterior growth zone, a process which requires canonical 
terminal patterning in order to be established and maintained (Schoppmeier and Schröder 
2005). Tribolium is a species of Coleoptera, and involvement of trunk in canonical terminal 
patterning in at least some other species of Coleoptera also seems likely, although the 
Lepidoptera, which are more closely related to the Diptera (Mao et al. 2015), do not undergo 
canonical terminal patterning (Wilson and Dearden 2009).   
As trunk is an essential component of canonical terminal patterning its presence and absence 
in a number of different Coleoptera species will allow for a clearer understanding of the 
evolutionary origin of the process of canonical terminal patterning to be deciphered. The 
additional Arthropod sequences that have become available due to the i5k project have 
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allowed for a more in depth analysis of the presence and absent of trunk, PTTH and noggin 
(i5K Consortium 2013; Robinson et al. 2011). 
To date, the evolution of canonical terminal patterning in insects is unclear, with the trunk 
peptide being absent in the Hemipteran A. pisum (Shigenobu et al. 2010), the Lepidopteran 
B. mori and the Hymenoptera A. mellifera (Dearden et al. 2006). Additionally, Wilson and 
Dearden (2009) found that canonical terminal patterning is not active in A. mellifera. Another 
mechanism specifies the termini leading to the expression of tailless at the anterior and 
posterior termini in N. vitripennis and A. pisum (Lynch et al. 2012; Duncan et al. 2013).  
The Hymenoptera are the most basal group of the holometabolous insects (Krauss et al. 2008; 
Savard et al. 2006; Zdobnov and Bork 2007; Misof et al. 2014). The absence of canonical 
terminal patterning in the Hymenoptera brings forth the question as to whether the trunk 
peptide has been lost in the lineages leading to Nasonia and Apis or whether trunk evolved 
after the branching of Hymenoptera from the other holometabolous insects. 
PTTH also activates torso in the prothoracic gland of larval insects. The activation of torso 
by PTTH is responsible for moulting and pupation in Drosophila and B. mori as it stimulates 
ecdysteroidogenesis (Rewitz et al. 2009; Gilbert et al. 2002; Rybczynski 2005; Ishizaki and 
Suzuki 1994). PTTH is also a cysteine knot protein and it is believed that trunk and PTTH 
resulted from a duplication and divergence of an ancestral noggin-like gene (Duncan et al. 
2013). Current explanations for the evolution of canonical terminal patterning involve the 
co-option of a PTTH like ancestral peptide and its receptor torso, to play a role in axis 
formation (Duncan et al. 2013). 
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As trunk and PTTH are both cysteine knot proteins which have little sequence homology 
outside of this structural domain, this makes them difficult to detect through the use of a 
standard BLAST approach, so a HMM approach was employed instead. HMM are general 
statistical models which can be used to define sequence similarity within a homologous gene 
family. HMM can be used to identify homologous proteins even if sequence conservation is 
low as is seen in the cysteine knot proteins trunk and PTTH. The HMM model constructed 
by Duncan et al. (2013) is based on PTTH from B. mori and trunk from D. melanogaster. 
The HMM constructed by Duncan et al. (2013) was used to search for trunk, PTTH and 
noggin-like peptides in the genomes of 73 different insects (Appendix 5). Of the 73 genomes 
71 are arthropods, as well as the mollusc Lottia gigantea and chordate Xenopus tropicalis. L. 
gigantea was included in order to assess whether trunk, PTTH and noggin-like orthologs are 
present in the Lophotrochozoa. X. tropicalis was included as its noggin-like orthologs 
provide a useful outgroup, as well as representing the Chordates and demonstrating the power 
of the HMM model used to identify even distantly related orthologs (Duncan et al. 2013). 
 
3.1.0 Methods for bioinformatics and phylogenetic analysis of 
trunk, PTTH and noggin-like orthologs 
 
Whole genome peptide databases were collected from the 73 species included in the analysis. 
The GenomeTools “gt sequniq” was used to remove exact sequence matches (Version 1.5.6; 
Gremme et al. 2013). The peptide databases were then searched using the hmmsearch 
program in HMMER (Version 3.1b2; Eddy 1998) with the E-value parameter set to 0.01. 
The program esl-sfetch in the HMMER group of programs (Version 3.1b2; Eddy 1998) was 
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used to match the accession number output from the hmmsearch with the respective 
sequences. ClustalX (Version 2.0; Larkin et al. 2007) was used to align the trunk, PTTH and 
noggin-like ortholog sequences. The first 96 and last 40 amino acid residues were trimmed 
from the alignment as this sequence region was uninformative in terms of phylogenetic 
relationships between sequences and could result in long-branch attraction. The alignment 
was trimmed further using the trimming program TrimAl (Version 1.2rev59; Capella-
Gutierrez et al. 2009). TrimAl was used to remove regions within the alignment which had 
gaps in a number of sequences above an optimal threshold which is calculated automatically 
by the “gappyout” parameter, which is based in the gap percentage count over the whole 
alignment (Version v3.2.2 Ronquist and Huelsenbeck 2003). 
 The phylogeny tree was run for 5,000,000 generations with a print and sample frequency of 
100 and a burnin fraction of 25%. The average variation between the split frequencies was 
less than 0.01 in the Bayesian phylogeny tree construction. 
 
3.2.0 Bioinformatic and phylogenetic analysis of arthropod 
cysteine knot proteins results and discussion 
 
The bioinformatics and phylogenetic analysis of the cysteine knot proteins revealed a number 
of interesting and informative results (Figure 5A and B). The analysis revealed that there is 
variation in regards to the conservation of different cysteine knot proteins in different groups 
of arthropods and the included mollusc species. The duplication leading to the origin of trunk 
and PTTH in the arthropods was determined with a higher level of accuracy than has 
previously been achieved due the larger number of arthropods included in the analysis. The 
34 
 
analysis highlights a number of apparent species and group specific loss events. The 
distribution of the trunk and PTTH loss events enables the generation of, new hypothesis in 
regards to the evolution of terminal patterning, pupation and moulting processes in the 
Arthropods.   
 
3.3.0 Noggin and noggin-like in the mollusc L. gigantea and the 
Chelicerates Parasteatoda tepidariorum and Ixodes scapularis 
 
Noggin is involved in the development of a range of different animal species, including 
Cnidaria, Chordates and more, implying that noggin arose early in the evolution of animals 
(Matus et al. 2006; Chandramore et al. 2010; Smith et al. 1993). The mollusc L. gigantea 
has two identifiable noggin-like orthologs. Non-trunk/PTTH noggin-like orthologs are found 
in a number of arthropod species but not the holometabolous insects. Noggin-like was 
identified in arachnids with three noggin-like orthologs present in P. tepidariorum genome. 
No noggin-like ortholog was identified in I. scapularis. 
 
3.3.1 Noggin-like in the Crustacea 
 
Noggin-like orthologs were also found to be present in three of the four crustacean species 
examined. The crustacean species that have noggin-like sequences are D. pulex, Eurytemora 
affinis and Tigriopus californicus. Hyalella azteca is the only crustacean examined that 
appears to not have a noggin-like. The H. azteca might have undergone a species-specific 




3.3.2 Noggin-like in the Non-holometabolous insects 
 
All the Hemiptera analysed had one or more noggin-like orthologs. A. pisum and 
Homalodisca vitripennis both have two noggin-like orthologs. C. lectularius, D. citri, Gerris 
buenoi and O. fasciatus only appear to have a single copy of noggin-like. Noggin-like was 
also found in a number of more ancient insect groups including the Diplura (Catajapyx 
aquilonaris), the Ephemeroptera (Ephemera Danica), the Blattodea (Blattella germanica), 
the Isoptera (Zootermopsis nevadensis) and the Thysanoptera (Frankliniella occidentalis). 
Noggin-like is broadly conserved in the pre-holometabolous insects with the exception of the 
Odonata (Ladona fulva; Figure 5). Although the species groups included are not necessarily 
representative of their respective groups as a whole, they adequately highlight the broad 
conservation of noggin-like in pre-holometabolous insects and arthropods. 
 
3.4.0 Trunk-like in the Chelicerate I scapularis 
 
The Arachnid I. scapularis does not have a noggin-like, as is found in P. tepidariorum, 
instead it has an ortholog that at the sequence level is more similar to trunk. It is unclear 
whether the trunk-like ortholog seen in I. scapularis originated in the same event as the trunk 
sequences found in the Diptera, Coleoptera and Trichoptera as there is a gap between I. 
scapularis and the rest of the insect species that have a trunk ortholog (Figure 5A). At least 
four trunk loss events (five if the trunk ortholog in Athalia rosae is not an actual trunk) would 
have needed to occur to explain the distribution of trunk orthologs in the Arthropods (Figure 
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6E). It is more parsimonious to assume that trunk-like orthologs evolved separately in the 
Chelicerates and the holometabolous insects. It is possible that the I. scapularis trunk-like 
originated as a result of shared evolutionary constraints to the orthologs found in the 
holometabolous insects. Whether I. scapularis trunk-like has the same function could be 
determined by expressing it in a model organism with a trunk, such as D. melanogaster, and 
observing the phenotypic effects on the early embryo. Alternatively the function of I. 
scapularis trunk-like could be analysed by seeing if it rescues development in a trunk 
knockout D. melanogaster. Looking into where I. scapularis trunk is expressed in its 
development may show whether it is involved in patterning, by assessing if it is expressing 
at the terminal ends of the developing embryo. Additionally the CRISPR/Cas9 or RNAi 
techniques could be used to see whether I. scapularis development is disrupted, if its trunk-
like is knocked-out or knocked down, through a phenotypic comparison with the wild type 
under a microscope or developmental delay. 
 
3.4.1 Trunk-like and PTTH-like in the mollusc L gigantea 
 
The mollusc L. gigantea has two proteins that appear to be more phylogenetically similar to 
trunk and PTTH than they are to the noggin-like in its genome or the noggin-like orthologs 
in the arthropod species (Figure 5A). The Mollusca share a common ancestor with the 
arthropods about 630 ma (Figure 5; Parfrey et al. 2011). The common ancestor of L. gigantea 
and the arthropods, and the appearance of PTTH in the insects with PTTH orthologs are 
separated by about 260 ma, so it is therefore unlikely that the L. gigantea trunk-like protein 
shares a common evolutionary history. It is possible that the PTTH-like and trunk-like 
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orthologs in L. gigantea evolved a similar sequence to the PTTH orthologs found in the 
holometabolous insects as a consequence of evolutionary constraints, such as having to bind 
a similar receptor. Perhaps the receptors of this cell signaling pathway shape and constrain 
the three dimensional structure, and thus sequence, of such extra-cellular ligands. 
 
3.4.2 Trunk in the Arthropods 
 
Trunk orthologs were found amongst species in the Coleoptera and Diptera groups (Figure 
5). Trunk was not found to be universally conserved in either the Diptera or Coleoptera. trunk 
orthologs were also present in the genomes of the basal Hymenoptera species A. rosae and 
the Trichoptera species L. lunatus and suggests that trunk is easily lost in the insects. 
 
3.4.3 Trunk in the Diptera 
 
Although trunk is broadly conserved in the Diptera, it is not found in all Dipteran species. Of 
the 25 species of Diptera sampled 22 had trunk orthologs.  As all 17 species of Drosophila 
have a trunk ortholog, it is likely that trunk is universally conserved in the Drosophila. All 
mosquito species searched had trunk orthologs as well. The three species which do not appear 
to have trunk orthologs are the Tephritid fly species Bactrocera cucurbitae, Bactrocera 
dorsalis and Ceratitis capitata. The absence of trunk in the Tephritid flies is made more 
likely by the fact that no trunk orthologs were found in multiple different species. As multiple 
different species of Tephritid flies do not have trunk it is less likely that the absence is due to 
sequencing or annotation errors. The absence of trunk in the Tephritid flies is of great interest 
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as the canonical terminal patterning pathway is present in other Diptera species which have 
been assessed, A. gambiae and D. melanogaster (Casanova et al. 1995; Casali and Casanova 
2001; Duncan et al. 2013). There are two likely explanations for the apparent absence of 
trunk from the Tephritid flies: -either it has been lost in the lineage leading to their evolution, 
or the protein sequence of trunk has been altered substantially in the Tephritid flies making 
trunk undetectable through the use of a HMM approach. To explain the absence of trunk in 
the Tephritid flies, trunk would have had to have been lost or have undergone a drastic protein 
sequence alteration after its divergence from the Drosophila. Alternatively trunk would have 
had to have evolved separately in lineages leading to the Drosophila, Musca and Culicidae 
(mosquitoes) or evolved separately in the Culicidae and Schizophora and subsequently lost 
after the divergence of the Drosopohilidae and Tephritidae. The absence of trunk from B. 
cucurbitae, B. dorsalis and C. capitata suggests that early stages in insect development are 
variable in that either the proteins involved can vary greatly in sequence or be entirely absent. 
Further research will be required to determine the mechanisms which Tephritid flies define 
terminal regions.  
 
3.4.4 Identification of a trunk-like cysteine knot protein in the 
Hymenoptera A. rosae 
 
The identification of a trunk ortholog in the genome of A. rosae, the most deeply branching 
hymenoptera species sequenced to date, is surprising as it is the only one trunk ortholog 
identified in the included hymenoptera species. There are a number of possible explanations 
in regards to the existence of a trunk in A. rosae.  
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 Previous research places the evolution of trunk after the divergence of the Hymenoptera 
from the rest of the holometabolous insects. If the trunk in A. rosae is a true orthologue of 
trunk then the origin of trunk is earlier in the evolution of the holometabolous insects than 
previously thought (Duncan et al. 2013). An alternative explanation for the presence of trunk 
in A. rosae is that it is a modified PTTH that has been altered resulting from conserved 
functional constraints similar to those which shaped trunk. The modified PTTH theory is 
made more likely by the apparent absence of a PTTH ortholog in A. rosae. PTTH is found in 
a number of Hymenoptera species but is absent in a number of others1, suggesting that it is 
evolutionarily dispensable (Figure 5B). PTTH has an earlier evolutionary origin than trunk, 
which is thought to have evolved before the origin of the Hemiptera (Duncan et al. 2013). If 
trunk evolved pre-hymenoptera then trunk was likely lost early in the evolution of the 
hymenoptera and PTTH was lost in A. rosae. It would be interesting to undertake a study into 
whether the A. rosae peptide has the ability to induce canonical terminal patterning or 
pupation and moulting in other species of insects. It would also be useful to establish where 
trunk is expressed in A. rosae during its development, as it would allow for a more thorough 
understanding of its function in this species. 
 
                                                     
 
1  PTTH is present in the Hymenoptera species N. vitripennis, Microplitis demolitor, Fopius arisanus, 
Harpegnathos saltator, Camponotus floridanus, Acromyrmex echinatior, Atta cephalotes, Linepithema humile, 
Pogonomyrmex barbatus, Vollenhovia emeryi and Megachile rotundata and is not identified in the 
Hymenoptera species Athalia rosae, Solenopsis invicta, Polistes dominula, Copidosoma floridanum, 





3.4.5 Identification of a trunk-like cysteine knot protein in the Trichoptera species Limnephilus 
lunatus 
The Trichoptera L. lunatus also has a trunk ortholog (Figure 5A). The trunk ortholog in L. 
lunatus is more likely to be an "actual trunk" as opposed to a modified PTTH. The reason 
why the L. lunatus ortholog is more likely to be an actual trunk is that the Trichoptera 
diverged after the origin of trunk, which likely took place after the split of the Hymenoptera 
from the rest of the holometabolous insects. As a result the most feasible explanation is that 
L. lunatus lost PTTH and retained trunk, as opposed to the trunk in L. lunatus being a 
remodeled PTTH. Whether the L. lunatus ortholog has the conserved region which is shared 
by trunk and noggin-like but not PTTH in other insects or not, would allow for the 
determination of the origin of the L. lunatus trunk ortholog (Duncan et al. 2013). 
 
3.4.6 Trunk in the Coleoptera 
 
Trunk is found in three of the five species of Coleoptera with fully sequenced genomes. 
Trunk is present in the genomes of T. castaneum, L. decemlineata, and Agrilus planipennis, 
whereas it is not apparent in the genomes of Onthophagus taurus or D. ponderosa (Figure 
5A). The absence of trunk in these two Coleoptera species may be the result of sequencing 
or annotation errors. Looking into the presence of trunk in closely related species is required 
to confirm the validity of the apparent absences. If the loss of trunk is real then trunk was lost 
at least twice in the Coleoptera, once in the lineage leading to O. taurus and once in the 
lineage leading to D. ponderosa. Assessing additional genomes from Scarabaeiformia and 
Tenebrionoidea families of Coleoptera would allow for greater certainty in regards to 
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whether the losses of trunk are real and not the result of sequencing or annotation error. 
Alternatively screening O. taurus and D. ponderosa for trunk activity would help to confirm 
the absence. 
 
3.5.0 Evolutionary origin of trunk 
 
The evolution of trunk is complicated to pin point as there is a single Hymenoptera species 
A. rosae that has an ortholog which looks very similar to trunk (Figure 5A). If the trunk in A. 
rosae is a bona fidae ortholog of trunk then the trunk evolved much earlier than previously 
thought (Duncan et al. 2014). Previous studies have suggested that trunk evolved either 
before the Arthropods arose and was subsequently lost five times independently, or it evolved 
after the divergence of Hymenoptera from the rest of the holometabolous insects (Duncan et 
al. 2013). As there is no identifiable PTTH in A. rosae it is possible that the trunk in A. rosae 
is a modified PTTH. The modified PTTH theory is supported by the lack of a trunk ortholog 
in every other species of Hymenoptera analysed so far. A Hymenoptera with both a trunk 
and PTTH ortholog would validate the Hymenoptera origin of trunk. 
The abundance of trunk orthologs in species which evolved after the divergence from the 
Hymenoptera makes the previously suggested origin of trunk more likely at this stage.  Trunk 
is found in both the Coleoptera and Trichoptera along with the Diptera. As loss of a gene is 
more likely than it evolving multiple times, it is probable that trunk evolved at the currently 
accepted point in the evolution, after the divergence of the Hymenoptera from the rest of the 
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holometabolous insects, and was subsequently lost in the Lepidoptera after their divergence 
from the Trichoptera (Figure 5A). 
  
3.6.0 PTTH in the Hemiptera 
 
PTTH is present in five of the six Hemiptera peptide databases searched (Figure 5B). PTTH 
is therefore highly conserved in the Hemiptera with only O. fasciatus not having a PTTH 
ortholog. A. pisum, C. lectularius, D. citri, G. buenoi and H. vitripennis all have PTTH 
orthologs (Figure 5B). As only O. fasciatus appears to have lost PTTH it is uncertain as to 
whether this is a real loss or a case of sequencing or annotation error.  If species closely 
related to O. fasciatus do not have PTTH then it is more likely that this is a real loss. More 
genomes will need to be sequenced for this to be understood. 
 
3.6.1 PTTH in the Hymenoptera 
 
PTTH is present in 11 of the 21 species of Hymenoptera searched, including the jeweled 
wasp N. vitripennis, the Ichneumonids Microplitis demolitor and Fopius arisanus, and the 
ants Harpegnathos saltator, Camponotus floridanus, Acromyrmex echinatior, Atta 
cephalotes, Linepithema humile, Pogonomyrmex barbatus and Vollenhovia emeryi, and the 
leaf cutter bee Megachile rotundata (Figure 5B). 
It appears that PTTH has been lost multiple times in the Hymenoptera. Once in the 
Chalcidoidea superfamily and once in the Apoidea. PTTH orthologs were not identified in 
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two members of the Chalcidoidea superfamily, Copidosoma floridanum and Ceratosolen 
marchali (Figure 5B). As there are two species in the Chalcidoidea which appear to be 
missing PTTH it is more likely that this is a real occurrence and not a genome sequencing or 
annotation error. Looking at additional species in the Chalcidoidea superfamily would help 
to clarify these findings. Five of the six species of bees in the analysis did not have an 
apparent PTTH (Figure 5B). The only bee which was found to have a PTTH was M. 
rotundata which is basal to the five Apis and Bombus species sequenced (Johnson et al. 
2013). Species from the Apidae family do not have PTTH orthologs. The Apidae species in 
the analysis include members from the genus Apis (A. mellifera, Apis dorsata and Apis 
florea) and Bombus (Bombus terrestris and Bombus impatiens) (Figure 5B). The number of 
species in these genus, and the ability to identify a single loss event after the divergence from 
the rest of the Apoidea, makes it likely that this is a real loss of PTTH. There is however a 
possibility that the PTTH in the Apoidea is so diverged that it can no longer be found using 
the employed HMM approach. Although PTTH is not readily identifiable in many insects, 
through the use of an HMM search approach there are multiple sources suggesting that there 
is immuno-reactivity to PTTH antibodies from species that do not have orthologs of PTTH: 
- for example, two species of moth, B. mori and Antheraea pernyi. Multiple regions in the 
brains, suboesophageal neuromeres and the prothoracic ganglion of A. mellifera last instar 
larvae and pupae2, showed immuno-reactivity to antibodies produced from B. mori PTTH 
                                                     
 
2 The regions of the Apis mellifera spinning phase larval brain which show immunoreactivity with Bombyx mori 
PTTH antibody are: - one neuron in the dorsal protocerebrum, three neurons in a more medial position in the 
protocerebrum, four neurons in the lateral margin of the optic lobe, two neurons situated in the ventromedial 
protocrebrum and two neurons located in the deutrocerebrum (Paulino Simões et al. 1997).  
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(Paulino Simões et al. 1997). Adult A. mellifera showed immuno-reactivity to antibodies 
produced from Antheraea pernyi (Chinese tussar moth) PTTH in the dorso-lateral brain 
regions (Závodská et al. 2003). There are two possibilities in regards to A. mellifera immune-
reactivity to moth PTTH antibodies. The first is that the antibodies are specifically interacting 
with something other than PTTH in the brain of bees. The alternative explanation is that 
multiple species of Apoidea have PTTH orthologs which are significantly diverged, so that 
they cannot be detected with the HMM, but are structurally similar enough to still interact 
with the PTTH antibodies. It is difficult to reconcile the fact that PTTH orthologs, which are 
not identifiable with a HMM which is able to identify all cysteine knot motifs in insect 
databases (a component which is largely responsible for the structure and function of PTTH 
in Lepidoptera species (Ishibashi et al. 1994)), can still manage to retain adequate structural 
similarity to an extent which allows for immune reactivity with PTTH antibodies, from 
Lepidoptera species (Paulino Simões et al. 1997; Závodská et al. 2003). Either the region in 
the genome which encodes the PTTH orthologs from these five species of Apoidea have not 
been sequenced or the Lepidoptera PTTH antibodies are reacting specifically with something 




3.6.2 PTTH in the Diptera 
 
PTTH is present in all of the 25 Diptera species analysed (Figure 5B). It is apparent that 
PTTH is conserved in the Diptera and likely plays an important role in their development. 
The sequencing and analysis of additional genomes may reveal exceptions to this conserved 
state of PTTH in Diptera, but at this stage it seems to be universal to the Diptera (Figure 5B). 
Studying the PTTH dependent pupation and moulting systems in D. melanogaster has 
provided a significant proportion of our current knowledge about this system.  PTTH has 
been found to be expressed in specific bilateral neuronal cells in the brains of developing D. 
melanogaster embryos. The cells which express PTTH in D. melanogaster innervate the 
prothoracic gland directly (McBrayer et al. 2007). The RTK torso has been identified as the 
PTTH receptor in the prothoracic gland of D. melanogaster (Rewitz et al. 2009). Activation 
of torso by PTTH propagates a phosphorylation cascade which results in the activation of 
ecdysteroidogenesis in D. melanogaster (Rewitz et al. 2009). D. melanogaster PTTH and 
trunk have been shown to have overlapping functions with PTTH, having the ability to 
partially rescue tailless expression in a trunk knockout embryo (Rewitz et al. 2009). 
Surprisingly PTTH is not essential for moulting in D. melanogaster and instead regulates 
developmental timing and body size (McBrayer et al. 2007). Immunohistochemistry using 
the PTTH antibody from B. mori showed conserved PTTH immunoreactivity in the brains of 
the blowflies Neobellaria bullata and Phormia regina, highlighting the conservation of this 




3.6.3 PTTH in the Lepidoptera 
 
PTTH is present in all four of the Lepidoptera species analysed (Figure 5B), showing that 
PTTH and its role in pupation and moulting is likely to be conserved in the Lepidoptera. 
There is an extensive body of literature that supports the existence of PTTH in the 
Lepidoptera and its involvement in pupation and moulting. Neck ligation and brain 
transplantation experiments in the gypsy moth Lymntria dispar carried out by Kopec (1922) 
revealed that a factor from the insect brain was responsible for larva-to-pupa moulting. The 
aforementioned factor, now known as PTTH, has been purified and cloned from a number of 
Lepidoptera species (Ishizaki and Suzuki 1994; Sauman and Reppert 1996), the first of which 
was B. mori (Kawakami et al. 1990).  Experiments in M. sexta have revealed that PTTH is 
expressed in a pair of large lateral cells in the brain whose axons terminate in the corpus 
allatum which is the neurohemal organ for PTTH (Agui et al. 1979). Ecdysteroid titer 
experiments performed during the development of M. sexta, have found that PTTH stimulates 
20-hydroxyecdysone synthesis. The resultant peaks of 20-hydroxyecdysone in the 
hemolymph occurs once per instar except in the last larval instar, which has two 
(Bollenbacher et al. 1981). The release of 20-hydroxyecdysone is responsible for the 
commencement of pupation and moulting (Riddiford 1996). There is evidence to suggest that 
the same physiological mechanism is present in B. mori with de-brained larvae developing 
in response to PTTH (Ishizaki et al. 1983). Bombyx PTTH has been shown to be highly active 
when injected into the brainless Bombyx pupae (Kataoka et al. 1987). Additionally PTTH 
has been shown to have an ecdysteroidogenic effect in the Bombyx prothoracic gland (Kiriishi 
et al. 1992). Pairwise comparison of PTTH sequences from B. mori, Samia cynthia and 
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Antheraea pernyi species of Lepidoptera showed that, besides conservation of cysteines and 
a number of other amino acid residues, these sequences diverged extensively (Henrich et al. 
1999).  
 
3.6.4 PTTH in the Coleoptera 
 
PTTH appears to be less conserved in the Coleoptera with two of the five included species 
not having apparent orthologs; - A. planipennis and Dendroctonus ponderosa do not have 
PTTH orthologs, while T. castaneum, O. taurus and L. decemlineata do have PTTH 
orthologs. (Figure 5B). The inability to identify PTTH orthologs in A. planipennis and D. 
ponderosa can be explained by one of two possible scenarios. Either PTTH has been lost in 
both species or it has diverged so extensively as to be undetectable through the use of the 
HMM used. Analysis of genomes of closely related species would help to prove or disprove 
the absence of PTTH sequences in these two species. 
 
3.7.0 Evolutionary origin of PTTH 
 
As no convincing PTTH orthologs are found before the evolution of the Eumetabola it is 
likely that PTTH evolved after the divergence of The Eumetabola. PTTH has subsequently 
been lost in two separate events in the Hymenoptera: - one in the Apoidea and the other in 
the Chalcidoidea. PTTH could not be found in a number of other insect species, but the lack 
of additional closely related species also showing an absence makes it difficult to draw any 
concrete conclusions in relation to the validity of these apparent absences. It is possible that 
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additional losses have occurred but they will need further validation, either through the 
identification of alternative mechanisms for the regulation of moulting and pupation or 
absence in closely related species. Specific ablation or PTTH producing neurons in D. 
melanogaster demonstrated that PTTH regulation of 20-hydroxyecdysone is required for 
normal progression through larval stages, and is a determining factor in regard to determining 
the final insect body size by controlling the duration of growth. PTTH production was not 
essential for moulting or metamorphosis, suggesting that PTTH is not the sole factor 
controlling these processes (McBrayer et al. 2007). There is evidence to suggest that insulin 
stimulates ecdysteroidogenesis in B. mori through PI3K/Akt signaling (Gu et al. 2009) and 
that there is crosstalk between insulin and PTTH signaling in the prothoracic glands of B. 
mori which may allow the systems to work together to precisely regulate ecdysteroidogenesis 
in development (Gu et al. 2010). Numerous sources suggest that insulin-like peptides 
stimulate prothoracic gland growth and ecdysone biosynthesis in insects, including L. 
decemlineata (Fu et al. 2016), D. melanogaster (Caldwell et al. 2005; Colombani et al. 2005; 
Mirth et al. 2005), B. mori (Kiriishi et al. 1992; Gu et al. 2009; Gu et al. 2011; Gu et al. 
2012), R. pro (Vafopoulou and Steel 1997) and M. sex (Walsh and Smith 2011; Kemirembe 
et al. 2012; Smith et al. 2014). It is therefore possible that different insect species rely on 
PTTH, insulin signaling and other, as yet unknown, mechanisms, to varying extents, in order 
to control pupation and moulting with species which lack a PTTH ortholog. 
In Crustacea, the Y organ controls moulting through the release of ecdysone, which is the 
prehormone for 20-hydroxyecdysone  (Chang and O’Connor 1977; Echalier 1959; Gabe 
1953). The production of ecdysone by the Y organ is regulated by moult-inhibiting hormone 
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(Zeleny 1905; Smith 1940) as well as hyper glycemic hormone (Chung and Webster 2003; 
Fanjul-Moles 2006). Moult-inhibiting hormone is produced by the neurohemal organ, the 
sinus gland (Bliss and Welsh 1952). Regulation of crustacean moulting is reviewed in Chang 
and Mykles (2011). The employment of an alternative mechanism for controlling moulting 
in the Crustacea shows that a variety of mechanisms can, and have, been employed in order 













3.8.0 Evolution of trunk, PTTH and noggin-like in the Arthropods; 
Conclusion 
 
Bioinformatic and phylogenetic analysis of the cysteine knot proteins noggin-like, PTTH and 
trunk revealed a significant amount of variation in the conservation of these elements. 
Noggin-like has proved to be conserved in non-holometabolous insects and more broadly in 
the Mollusca (Figure 5). Noggin-like is the most ancient of the cysteine knot proteins found 
in the arthropods. As a result noggin-like duplication is likely to have given rise to PTTH and 
possibly trunk.  
PTTH is first seen in the Hemiptera group in the Arthropods (Figure 5B). Trunk first appears 
in the Hymenoptera, however it is unclear whether this is an actual trunk or a modified PTTH 
(Figure 5A). The Coleoptera are the first group in the arthropods in which multiple species 
have an apparent trunk ortholog (Figure 5A). It is possible that trunk evolved after the 
divergence of the Hymenoptera from the rest of the holometabolous insects, although trunk 
and PTTH both appear to be very labile in regards to their conservation in the insects, with 
both being lost multiple times. Analysis of PTTH and trunk in the arthropods has revealed 
that the mechanisms through which insects achieve terminal patterning, moulting and 
pupation are more complicated than previously thought. Numerous insect species lack trunk, 
PTTH or both, and are likely to employ alternative mechanisms for controlling terminal 
patterning, pupation and moulting. Numerous groups, in which trunk dependent terminal 
patterning was previously assumed to be universal, have been found to have species that 
appear to be missing trunk. These groups include the Diptera, namely the Tephritid flies, and 
some species of Coleoptera (Figure 5A). PTTH-dependent pupation and moulting is not 
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universal in the insects, with species in the Hemiptera, Hymenoptera and Coleoptera not 





4.0.0 Introduction to torso 
 
Torso is an integral component of canonical terminal patterning as well as the moulting and 
pupation processes (Sprenger et al. 1989; Rewitz et al. 2009). Torso is a RTK that is found 
in a range of arthropod species. Torso is however not universally conserved as it is missing 
in some species (Duncan et al. 2013).  In D. melanogaster, torso is activated by two different 
ligands ; - PTTH and trunk. torso RNA is maternally inherited by the oocyte during oogenesis 
and hence is maternally controlled (Sprenger et al. 1989; Casanova et al. 1995; Casali and 
Casanova 2001; Rewitz et al. 2009). Torso is found ubiquitously on the surface of the 
syncytial blastoderm, this implies that it is not responsible for the spatially restricted nature 
of canonical terminal patterning (Casanova and Struhl 1989). Spatially restricted activation 
of torso by trunk defines the anterior and posterior ends of the embryo (Sprenger et al. 1989; 
Casali and Casanova 2001). Activation of torso results in an ERK phosphorylation signaling 
cascade resulting in the expression of two transcription factors, tailless (Pignoni et al. 1992; 
Klingler et al. 1988; Strecker et al. 1989) and huckebein, through the degradation of Capicua 
(Brönner and Jäckle 1991; Brönner and Jäckle 1996). Torso is also activated by the ligand 
PTTH, resulting in the release of 20-hydroxyecdysone which leads the processes of pupation 
and moulting (Gilbert et al. 2002). The recent availability of additional Arthropod genomes, 
thanks to the i5k project, has allowed for a higher resolution assessment of the evolution of  
torso (i5K Consortium 2013; Robinson et al. 2011). The current explanation for the evolution 
of the canonical terminal patterning pathway in the Arthropods involves the co-option of 
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torso and its ligand PTTH, to play a new role in the patterning of the embryonic termini 
(Duncan et al. 2013).  
Torso has been reported to be absent in D. pulex (Duncan et al. 2013), and using rigorous 
bioinformatics techniques to search the peptide databases of D. pulex and other Crustacea 
allowed the presence or absence of torso in other Crustacea to be assessed in greater depth.  
Torso has previously been identified in the Hymenoptera N. vitripennis, C. floridanus and A. 
echinatior but is not yet known whether torso is the receptor for PTTH in these species 
(Duncan et al. 2013). Torso is, however, absent in the honey bee (A. mellifera) (Dearden et 
al. 2006). As the absence has, to date, only been found in a single holometabolous insect, A. 
mellifera, it is possible that the apparent absence is due to annotation or sequencing errors. 
Employing rigorous bioinformatics techniques on a range of newly available Hymenoptera 
peptide databases allows for the apparent loss of torso to be assessed, as absence of torso 
from the genomes of other bees would reinforce the conclusion that the loss of torso is a real 
event. Assessing other hymenoptera genomes also allows for other torso loss events to be 
discovered. 
As in  Hymenoptera torso has been found to be present in some species of Hemiptera and 
absent in others. There is both bioinformatical and experimental evidence which show the 
presence of torso in the pea aphid (A. pisum) (Duncan et al. 2013) and absence in the 
milkweed bug (O. fasciatus) (Weisbrod et al. 2013). Searching for torso in other Hemiptera 
allows for the torso loss in O. fasciatus to be established as common or species specific.  
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To date torso has been found to be conserved in the Coleoptera (T. castaneum), The Diptera 
(D. melanogaster and A. gambiae) and Lepidoptera (B. mori) (Duncan et al. 2013). Torso is 
responsible for canonical terminal patterning, moulting and pupation in the Coleoptera and 
Diptera. Analyzing the genomes of other species of Coleoptera, Diptera, and Lepidoptera for 
torso orthologs would allow for a clearer understanding in regards to whether it is 
ubiquitously conserved in a broader range of insects in these groups. 
Duncan et al. (2013) established the presence of torso in the Chelicerate I. scapularis, 
implying that torso was present early in the evolution of Arthropods. The ubiquitous absence 
in the Crustacea results in a large gap in the evolutionary history between the Chelicerates 
and the next established appearance in the Hemiptera. Searching for torso in the genomes of 
a number of groups which evolved before the Hemiptera aids in assessing the hypothesis as 
to whether torso evolved early in the evolution of arthropods or if the similarity between the 
Chelicerate ortholog and those found in the Hemiptera are the result of evolutionary 
convergence. The assessment of Ephemeroptera, Isoptera and Odonata, for the presence of 
torso could provide the key evidence to support of the early evolution of torso. 
 
4.1.0 Torso Methods 
4.1.1 Constructing a torso Hidden Markōv Model 
  
A HMM was constructed using torso peptide sequences from D. melanogaster 
(NP_476762.1), T. castaneum (NP_001034536.1) and B. mori (NP_001164049.1). Peptide 
sequences were aligned using ClustalX (Version 2.0; Larkin et al. 2007). Sequences were 
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subsequently trimmed using TrimAl (Version 1.2rev59; Capella-Gutierrez et al. 2009) using 
the default gappyout parameters. The hmmbuild program in HMMER (Version 3.1b2; Eddy 
1998) was used to construct the HMM of torso from the sequence alignment. 
   
4.1.2 Constructing NJ tree  
 
As there are a large number of RTKs in the genomes of the Arthropods a neighbor-joining 
(NJ) tree was used as it is less resource intensive and allows for the identification of the torso 
orthologs as they branch out together. The peptide databases of 70 arthropod species were 
collected. The peptide databases were searched using the torso HMM model construct. The 
program hmmsearch, which is in the HMMER (Version 3.1b2; Eddy 1998) suite of programs, 
was run with a filtering E value of 10-10. The sequence hits from the hmmsearch were 
collected. Sequences shorter than 200 aa (torso is significantly longer) (Minimum seq see 
Appendix 6) were removed using basic biopython code. The program hmmalign from the 
HMMER suit of programs (Version 3.1b2; Eddy 1998) was used to trim the sequences down 
to only the RTK region (PF07714.13). The large number of sequences were aligned using 
Clustal Omega. Clustal Omega is an efficient method which can be used to align over 
190,000 sequences, with the authors claiming that it has the ability to align virtually any 
number of protein sequences quickly and accurately (Version 1.2.1; Sievers et al. 2014). 
TrimAl was used to remove regions within the alignment which had gaps in a number of 
sequences above an optimal threshold which is calculated automatically by the “gappyout” 
parameter, which is based on the gap percentage count over the whole alignment (Version 
1.2rev59; Capella-Gutierrez et al. 2009). A neighbor-joining tree was constructed using 
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Quicktree (Version 1.1, Howe et al. 2002) with 1000 bootstrap replicates. Boostraping is a 
statistical test which relies on random sampling with replacement, allowing for the 
assignment of measures of accuracy to sample estimates. 
The torso branch of the tree was identified by using verified torso sequences from a number 
of species (D. melanogaster (Diptera), N. vitripennis (Hymenoptera), A. gambiae (Diptera), 
B. mori (Lepidoptera) and A. pisum (Hemiptera)) The torso branch of the large neighbor-
joining tree was used to identify torso sequence orthologs. The torso orthologs were collected 
for Bayesian phylogenetic analysis.  
 
4.1.3 Constructing a Bayesian phylogeny 
 
Species with multiple torso sequences were visually compared through alignment. The most 
complete torso sequences were selected for each species and any exact duplicates were 
removed. The non-redundant sequences were aligned in ClustalX (Version 2.0; Larkin et al. 
2007). Incomplete sequences were manually annotated where possible. Manual annotation 
was easier for species for which torso orthologs could be found in closely related species. 
Torso sequences were trimmed using the hmmalign program, from the HMMER suite of 
programs (Version 3.1b2; Eddy 1998), with the torso HMM constructed. The torso ortholog 
sequences were aligned along with the three most closely related RTKs Ret, Heartless and 
Breathless, from A. mellifera and D. melanogaster, in order to provide an out group for 
Bayesian phylogeny tree construction. TrimAl (Version 1.2rev59; Capella-Gutierrez et al. 
2009) was used to trim the regions of the sequence alignment in which the proportion of 
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aligned sequences have gaps above the threshold automatically calculated by the gappyout 
parameter. The calculated threshold is based on the gap percentage count over the whole 
sequence alignment. Trimming alignment sequence regions with gaps allows for only the 
most informative regions of the alignment to be retained allowing for a higher signal to noise 
ratio in the construction of phylogeny trees, which results in faster phylogeny tree 
construction. The trimmed torso alignment was subsequently used to construct a Bayesian 
phylogeny tree with MrBayes (Version v3.2.2; Ronquist and Huelsenbeck 2003). The 
parameters used to construct the Bayesian phylogeny tree were; number of generations 
5,000,000, print and sample frequencies of 100 and a burn in fraction of 25%. The priors 
were set to the WAG model (Whelan and Goldman 2001). D. melanogaster Ret was used as 
the outgroup in the construction of the Bayesian phylogeny tree as it is the most closely 
related RTK to torso. The average variation between the split frequencies was less than 0.01 
in the Bayesian phylogeny tree construction. A value of 0.01 for the average variation 
between split frequencies in the construction of a Bayesian phylogeny tree is noted as 
sufficient in the MrBayes manual (Ronquist and Huelsenbeck 2003).  
 
4.2.0 Results and Discussion 
 
It was first discovered that torso is the receptor for both PTTH and trunk in the fly D. 
melanogaster (Rewitz et al. 2009; Casali and Casanova 2001). Although torso was initially 
believed to be ubiquitously employed in holometabolous insects for terminal patterning, the 
discovery that A. mellifera does not have torso (or trunk), along with other evidence to 
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suggest that it does not rely on the canonical terminal patterning system, led Duncan et al. 
(2013) to conclude that the canonical terminal patterning system is an evolutionary novelty.  
A. mellifera was the first holometabolous insect in which torso was found to be completely 
absent (Dearden et al. 2006), as most other holometabolous insects which had been analysed 
up until that point relied on PTTH and torso controlled pupation and moulting, even if they 
did not rely on canonical terminal patterning to designate the anterior and posterior termini 
of the embryo, as is seen in N. vitripennis (Lynch et al. 2012). Bioinformatic and 
phylogenetic analysis of the genomes of not only uncovered that A. mellifera is not the only 
Hymenoptera to not possess a torso, but that there are numerous pre-hemipteran insects 
which have a torso without any identifiable PTTH and trunk ligands. A torso ortholog has 
also been identified in the Mollusc L. gigantea which suggests a pre-Arthropod origin of 
torso (Figure 6).  
 
4.2.1 Torso in the Diptera 
 
Torso is conserved in all of the Diptera species analysed. All 24 species of Diptera appear to 
have a torso ortholog. (Figure 6D). The relationship between torso orthologs in the Diptera 
reflects that of the accepted phylogenetic relationships between the included species. The 
grouping of the Diptera torso orthologs is strongly supported and has a posterior probability 




4.2.2 Torso in the Hymenoptera 
 
Of the 21 Hymenoptera species included in the analysis 11 have torso orthologs. Five of the 
eight species of ants included in this analysis have torso orthologs (A. echinatior, A. 
cephalotes, C. floridanus, V. emeryi and H. saltator) whereas Solenopsis invicta, L. humile 
and P. barbatus do not (Figure 6C). The phylogenetic relationship between the ant species 
(Kück et al. 2011; Moreau 2006; Ward 2007; Brady et al. 2006; Brady et al. 2014) implies 
that torso has been lost on three separate occasions in ants. It is possible that the apparent 
loss of torso in three of the ant species is due to annotation or sequencing errors as there are 
multiple loss events. As PTTH is the ligand for the torso receptor in in D. melanogaster and 
B. mori, (Rewitz et al. 2009; Gu et al. 2010) concurrent loss of PTTH and torso make it more 
likely that the apparent absence of both peptides is not due to genome sequencing errors. 
Of the six species of bees included only one of them has a torso ortholog. M. rotundata has 
a torso whereas A. mellifera, A. dorsata, A. florea, B. impatiens and B. terrestris do not. As 
M. rotundata is the most deeply branching of the bees included it is likely that there has been 















Of the three species of Chalcid wasp (a superfamily of mainly tiny parasitic wasps) included 
in the analysis two did not possess a torso ortholog. N. vitripennis has a torso ortholog whilst 
C. marchali and C. floridanum do not (Figure 3B). The phylogenetic relationship between 
the three species of Chalcid wasps suggest that this has occurred due to one common event 
(Munro et al. 2011). The single event hypothesis may ultimately be disproven as the genomes 
of other Chalcid wasps become available. Both Ichneumonidae Hymenoptera species 
included in the analysis, F. arisanus and M. demolitor, have torso orthologs (Figure 3B). 
 
4.2.3 Torso in the Lepidoptera and Trichoptera 
 
The Lepidoptera species M. sexta, B. mori and D. plexippus had identifiable torso orthologs. 
Plutella xylostella did not have an identifiable torso ortholog (Figure 6A). The absence of 
torso from Plutella xylostella could be the result of a genome sequencing or annotation error 
as no other Lepidoptera lack identifiable torso orthologs. Transcriptome analysis or 
immunohistochemistry, performed through the use of a torso antibody for the presence of dp-
ERK, during the processes of pupation and moulting, would allow for the presence of torso 
or MAPK activity to be confirmed or denied in P. xylostella.  The Trichoptera species L. 
lunatus did not have identifiable orthologs for torso. The analysis of other Trichoptera species 
would allow for greater certainty about the absence of torso from Limnephilus. Alternatively, 
immunohistochemistry for dp-ERK could be used to see if torso is present in Limnephilus. 
Immunohistochemical experements undertaken by Mizoguchi et al. (1990) on Bombyx mori 
were used to identify the pair of dorso-lateral neurosecretory cells which produce PTTH. 
Repeating this experiment on P. xylostella with the adition of immunohistochemical analysis 
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for dp-ERK may show whether the pupation and moulting system present in B. mori is 
present in P. xylostella (Mizoguchi et al. 1990; Duncan et al. 2013) 
 
4.2.4 Torso in the Coleoptera 
 
Of the five Coleoptera species four had identifiable torso orthologs (Figure 6B). The species 
with identifiable orthologs include T. castaneum, O. taurus, L. decemlineata and A. 
planipennis. D. ponderosae only had a partially annotated torso ortholog. The absence of 
torso from D. ponderosae peptide database is likely to be a result of sequencing or annotation 
error. Transcriptome analysis during the pupation and moulting stages of development in D. 
ponderosae would allow for identification of torso orthologs. Alternatively, performing an 
immunohistochemistry experiment using torso antibodies, generated against the peptide of 
Coleopterans, or dp-ERK during early embryo development, and would help to establish if 
torso is expressed in the D. ponderosae during terminal patterning. Immunohistochemistry 
techniques have been developed in T. castaneum and could possibly be altered and optimised 
to work in D. ponderosae (Shippy et al. 2009). 
 
4.2.5 Torso in the Hemiptera 
 
A total of seven Hemipteran genomes were searched for torso orthologs. Of the seven species 
four (A. pisum, Halyomorpha halys, H. vitripennis and G. buenoi) had an identifiable torso 
ortholog (Figure 6). .  D. citri, Cimex lectularius and O. fasciatus do not have identifiable 
torso orthologs. Transcriptome sequencing during embryo development and the 
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brain/prothoracic gland could be used to look further for the presence of torso in the 
Hemiptera with no discernible torso orthologs present in their genome. Alternatively 
immunohistochemistry techniques could be used to identify any unidentified torso orthologs 
by assaying for dp-ERK during pupation or moulting. Immunohistochemistry was used to 
localise torso activity in A. pisum and could be altered and optimized to work in D. citri, C. 
lectularius and O fasciatus (Duncan et al. 2013).  
 
4.2.6 Torso in the basal Insecta 
 
Analysis of the Odonata species L. fulva revealed the presence of a torso ortholog (Figure 6). 
As the Odonata are branched early in the evolution of the insects (Figure 2), torso has also 
previously been identified in Ixodes (Duncan et al. 2013). This implies that the evolution of 
torso also likely took place before the evolution of the insects. The evolution of 
Ephemeroptera is also phylogenetically positioned early on in the evolution of Insects (Figure 
2). The Ephemeroptera, E. danica, also has a torso ortholog (Figure 6). The presence of torso 
in E. danica also supports the conclusion that torso evolved early on in the insects.  Z. 
nevadensis also has a torso ortholog (Figure 6). As Z. nevadensis is a member of the Isoptera 





4.2.7 Absence of torso from the Crustacea 
                                                                                                                                                  
None of the three Crustacean species included in the analysis had any identifiable torso 
orthologs (Figure 6). As the absence of torso is uniform throughout the group it is probable 
that torso is not present in the genomes of Crustacea.  
 
4.2.8 Torso in the Chelicerata 
 
The Chelicerate I. Scapularis has an identifiable torso ortholog but was not included in this 
analysis (Duncan et al. 2013). The only Chelicerate genome included in the analysis, from 
the American house spider P. tepidariorum, did not have an identifiable torso ortholog 
(Figure 6).  A larger number of Chelicerata species will need to be analysed in order to 
conclude whether the presence of torso is typical of this group. The i5k project is likely to 
result in a sizable increase in the number of available Chelicerata genomes (i5K Consortium 
2013; Robinson et al. 2011), and will provide an opportunity to gain a deeper and more 
representative understanding of the torso orthologs in this group. 
 
4.2.9 Torso in the Mollusca 
 
The Mollusc L. gigantea was shown to have a torso ortholog in this analysis (Figure 6). It is 
unclear as to whether the torso in L. gigantea is related to the torso orthologs found in the 
insects and whether they have the same developmental function. It is possible that the 
ortholog which is seen in L. gigantea is in fact the result of convergent evolution due to 
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shared evolutionary constraints as those which shaped torso in insects. If torso in L. gigantea 
is indeed of the same origin as the insect torso then torso has an origin much earlier than 
previously thought. Searching the genome of additional Mollusc and Lophotrochozoa species 
could provide a more in depth understanding of the conservation and developmental role of 
torso in this group. 
 
4.3.0 Torso in the Arthropods; Conclusion 
 
Torso is likely to have evolved before the origin of the Arthropods, and although highly 
conserved there are a number of apparent loss events. As torso is present so early in the 
evolution of the arthropods torso must have important roles in the Protostomes, which predate 
its co-option into its terminal patterning, moulting and pupation roles that are present in the 
arthropod species. Further experimental analysis could reveal the function of torso that 
predates its current roles in insects.  
Torso has undergone a number of loss events in the Arthropods. Torso has been lost once in 
the Crustacea, at least three times in the Hemiptera, at least five times in the Hymenoptera, 
at least once in the Lepidoptera and at least once in the Trichoptera. It can therefore be 
concluded that torso loss events have been common in the evolution of the Arthropods. As 
torso is the receptor, and the central component involved in canonical terminal patterning, 
pupation and moulting in insects, its loss predicts the evolution of alternative mechanisms 
for controlling these developmental pathways. 
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The loss of torso in the Arthropods has previously been found by Duncan et al. (2013). The 
loss of torso in some Arthropod species along with a large amount of other evidence lead 
Duncan et al., (2013) to conclude that canonical terminal patterning is an evolutionary 
novelty. The analysis of torso orthologs in a far broader range of Arthropods than that assayed 
by Duncan et al., (2013) has revealed that canonical terminal patterning is even more novel 
than has been previously been established. Groups in which torso was previously thought to 
be conserved, namely in the Coleoptera, have been discovered to not universally conserve 





5.0.0 Introduction to Parsimony reconstruction of ancestral state 
 
Parsimony reconstruction is a phylogenetic method in which the number of character-state 
changes are minimized (Cunningham et al. 1998). Parsimony reconstruction presupposes 
acceptance of divergent evolution from a common ancestor. Parsimony reconstruction is a 
useful tool for identifying whether shared character traits are likely to have arisen once or 
multiple times throughout the evolution of a group of organisms (Donoghue 1989). Although 
useful in that parsimony trees provide a concise and easy to interpret output, there are a 
number of limitations to the use of parsimony reconstruction of ancestral states in evolution 
(Cunningham et al. 1998; Swofford and Maddison 1992). One such limitation is the over 
estimation of re-evolution of traits and the underestimation of loss events (Cunningham et al. 
1998; Swofford and Maddison 1992). Taking into account the limitations of the technique, 
parsimony reconstruction provides a clear method of visualising the evolution of Torso 
Activation Module components in those Arthropods that were analysed and found to contain 
them. 
 
5.1.0 Parsimony reconstruction cladogram 
 
The constructed cladogram on which this analysis rests is based on the best current genetic 
evidence of the evolutionary relationships between the arthropod species included in 
previous analyses, and is based on relationships between the orders in the Arthropods (Misof 
et al. 2014). The phylogenetic relationships between included species was determined using 
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genetic evidence from the following sources; Crustacea (Braga et al. 1999; Koenemann et 
al. 2010), Hemiptera (Song et al. 2015), Hymenoptera (Mao et al. 2015; Han et al. 2012; 
Munro et al. 2011; Brady et al. 2014; Brady et al. 2006; Kück et al. 2011; Moreau 2006; 
Ward 2007; Johnson et al. 2013) Coleoptera (Hunt et al. 2007), Lepidoptera (Regier et al. 
2013) and Diptera (Gibson et al. 2010). Mesquite (version 3.10; Maddison and Maddison 
2001) was used to reconstruct the parsimony of torso, noggin/noggin-like, PTTH, trunk and 
torso-like on the arthropod cladogram. Equal branch lengths were used in the construction of 
the cladogram, making branch lengths insignificant. 
 
5.2.0 Parsimony reconstruction of torso in the Arthropods and their 
ancestors 
 
Torso is broadly conserved in the Arthropods and predates the evolution of the insects. 
Recent evidence implies that torso predates the evolution of Arthropods altogether, as torso 
has been identified in the Mollusc L. gigantea (Figure 7A). Jenni et al. (2015) identified torso 
orthologs in the genomes of a number of Protostomes including nematode (round) worms 
and a number of Lophotrochozoa (segmented worms and Molluscs). It has become apparent 
that torso has a much deeper evolutionary history than previously suggested.  
The early evolution of torso and its broad conservation in the Protostomes 
implies that it fulfills an integral role in the development of these organisms. 
Although historically important, torso does not appear to be indispensable, as 
a number of loss events have occurred in the evolution of the 




The Crustacea subphylum is an example of an arthropod group that does not require torso for 
its development. Torso orthologs have not been identified in any of the three included 
members of the Crustacea subphylum (Figure 7A). The three included species belong to a 
broad range of classes including Malacostraca (H. azteca), Branchiopoda (D. pulex) and 
Maxillopoda (T. californicus). The torso loss event in the Crustacea is unlikely to be localised 
to a subsection of the subphylum as the three included species are in three separate classes. 
It is therefore likely that there was a single torso loss event in the evolution of the Crustacea. 
A larger number of Crustacea species will have to be analysed in order to confirm the 
proposed single loss event after the divergence from the rest of the Arthropods. This will 
become plausible as a larger number of Crustacea genome sequences become available 
(Figure 7A). 
The torso loss event in the Crustacea is only apparent due to the identification of torso in the 
chelicerate I. scapularis. The existence of a torso ortholog in the Chelicerata makes it 
significantly less likely that torso evolved in early Arthropods, after their divergence from 
the Crustacea. As a result parsimony reconstruction of the evolution of torso in the 






5.3.1 Parsimony reconstruction of noggin-like in the Crustacea 
 
Although they lack trunk and PTTH, noggin-like is conserved in the Crustacea with all three 
species analysed possessing a noggin-like ortholog (Figure 7B, C and D). This is consistent 
with the idea that noggin-like is the ancestral cysteine knot protein present in the Arthropods.  
The inclusion of L. fulva (Odonata), E. danica (Ephemeroptera) and Z. nevadensis (Isoptera) 
allows for the study of canonical terminal patterning components in the 140 Ma gap between 
the evolution of the Crustacea (510 Ma; Figure 2) and the divergence of the Hemiptera (370 
Ma; Figure 2). The inclusion of these groups provides crucial information of the early 
evolution of the canonical terminal patterning components in the Hexapoda. L. fulva, E. 
danica and Z. nevadensis all have torso (Figure 7A), whereas only E. danica and Z. 
nevadensis have noggin-like orthologs. All three lack both trunk and PTTH (Figure 7B, C 
and D). The absence of trunk in L. fulva, E. danica and Z. nevadensis implies that the trunk 
in I. scapularis is the result of a convergent evolutionary event, as there is a 230 Ma gap 
between the evolution of the chelicerates (570 Ma; Figure 2) and the Hymenoptera (340 Ma; 
Figure 2) in which no trunk orthologs have been identified. Parsimony reconstruction of the 
evolution of trunk supports separate origins for trunk in the Chelicerata and trunk in the 
Hemipteran. Although, parsimony reconstruction is known to over-estimate the occurrence 
of re-evolving a trait (Cunningham et al. 1998; Swofford and Maddison 1992). L. fulva, E. 
danica and Z. nevadensis could be useful model organisms as they could allow for the 
identification of the role of torso in Hexapod development before its co-option into its roles 
in terminal patterning, pupation and moulting (Figure 7A, B, C and D). Using RNAi to 
knockdown torso in L. fulva, E. danica and Z. nevadensis could provide insight into its role 
77 
 
in the development of these species. Additionally using RNAi to knockdown noggin-like in 
E. danica and Z. nevadensis would enable the ruling out of noggin-like as the ligand of torso 
in these species by comparing the morphology of torso and noggin-like knockdowns. 
Although RNAi has not been used in L. fulva, E. danica and Z. nevadensis to date, it has been 
used in other early insects including Blattodea germanica (Blattodea), Locusta migratoria 
manilensis (Orthoptera) and Gryllus bimaculatus (Cruz et al. 2006; He et al. 2006; Mito and 
Noji 2008).  Futher experimentation will need to be undertaken in order to establish if RNAi 
can successfully be performed in L. fulva, E. danica and Z. nevadensis. In-situ hybridization 
for torso and noggin-like throughout the development of E. danica and Z. nevadensis could 
provide additional insight into what their roles are, by detecting regions of expression. 
 
5.4.0 Parsimony reconstruction of Torso Activation Module in the 
Hemiptera 
 
Of the genomes of the seven species of Hemiptera searched for torso, three did not have an 
identifiable ortholog: - D. citri, C. lectularius and O. fasciatus. Of these Hemiptera species, 
which lacked an identifiable torso ortholog, D. citri and C. lectularius have an identifiable 
PTTH. Torso RNA has previously been identified in the prothoracic gland of the A. pisum. 
This implies that the role of torso signaling in the prothoracic gland is likely to be involved 
in the synthesis of ecdysteroids in response to PTTH binding (Duncan et al. 2013). The 
presence of PTTH in these species makes it less likely that the apparent absence of torso is a 
real occurrence and is possibly due to sequencing or annotation error (Figure 7A and C). The 
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lack of an identifiable torso in O. fasciatus is consistent with previous research (Weisbrod et 
al. 2013). 
It is difficult to rule out the possibility of sequencing, assembly and annotation errors as the 
cause of gene absence in all but the most thoroughly sequenced genomes. Even well 
sequenced genomes, like the initial A. mellifera genome sequence (Honeybee Genome 
Sequencing Consortium 2006), was drastically improved through the employment of 
additional DNA and RNA sequencing (Elsik et al. 2014). Additional sequencing of the A. 
mellifera genome resulted in a 50% increase in reported genes, this highlights the fact that 
even well sequenced and annotated genomes can be improved upon and are likely to be 
missing genes (Elsik et al. 2014). 
Further experimentation is required to confirm the absence of torso in D. citri and C. 
lectularius. As torso is expressed in the prothoracic gland in the pea aphid, performing RNA 
sequencing on the prothoracic gland of D. citri and C. lectularius may allow for the 
identification of the torso ortholog in these species, if there is in fact an ortholog present. If 
RNA sequencing fails to reveal a torso ortholog this brings the role of PTTH in D. citri and 
C. lectularius into question. RNAi for PTTH in D. citri and C. lectularius would help to 
assess whether PTTH in these species is responsible for pupation and moulting, as is found 
in the pea aphid. RNAi has successfully been used in both C. lectularius and D. citri (Zhu et 
al. 2012; El-Shesheny et al. 2013).  
Noggin-like is also conserved in the Hemipteran with all six of the analysed species 
possessing one or more orthologs (Figure 7B). Both the pea aphid and H. vitripennis have 
two noggin-like orthologs. The absence of two orthologs in the genome of D. citri implies 
79 
 
that the duplications of noggin-like in the pea aphid and H. vitripennis are species specific or 
that the duplicate was lost in the evolution of D. citri, as the pea aphid and D. citri are more 
closely related (Figure 7B; Song et al. 2015). Noggin-like has not been identified in any 
arthropod groups that evolved after the Hemiptera. 
 
5.5.0 Parsimony reconstruction of torso-activation module 
components in the Hymenoptera 
 
Of the 21 species of Hymenoptera included in this analysis 11 have torso orthologs. The 
phylogenetic relationships between the Hymenoptera species imply that there are five 
separate torso loss events (Figure 7A). Apparent loss of torso is more likely to be real if 
multiple closely related species have also lost torso. The loss of torso in the Chalcid wasps 
and bees in the family Apidae are therefore likely to be true (Figure 7A). The apparent loss 
events in the ants L. humile, P. barbatus and S. invicta require additional evidence in order 
to confirm whether these losses are real or not. The absence of torso in the Apidae, Chalcid 
wasps and the two ant species P. barbatus and S. invicta is supported by the concurrent 
absence of PTTH in these species (Figure 7A and C).  
As L. humile has a PTTH, the apparent loss of torso in this species becomes less likely (Figure 
7A and C). RNA sequencing the prothoracic gland of L. humile before pupation or moulting 
may allow for the identification of torso in this species as the current genome is a draft (Smith 
et al. 2011). If torso is not identified, using RNAi for PTTH in L. humile could allow for 
further insight into the role PTTH has in the development of L. humile. Although RNAi is 
yet to be established in L. humile, the presence of system components make it likely that 
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RNAi could be successfully performed in this species (Smith et al. 2011). Additional testing 
to see if L. humile PTTH has the ability to rescue PTTH knockdown in other Hymenoptera 
species would allow for it to be established whether L. humile’s PTTH shares conserved 
functionality with PTTH from other Hymenoptera species. 
Of all 21 of the Hymenoptera species included in the analysis only the sawfly A. rosae has a 
cysteine knot protein which groups with the trunk orthologs of other species (Figure 7D). As 
PTTH is absent in A. rosae, whilst being present in the other Hymenoptera, there is a 
possibility that the trunk-like ortholog seen in A. rosae is not a trunk but is a modified PTTH 
instead. Testing to see whether expressing A. rosae trunk in a PTTH knockout of N. 
vitripennis would provide evidence in regards to conserved function. Alternatively, 
expressing N. vitripennis PTTH in a trunk knockdown of A. rosae to analyse whether there 
is functional overlap between the two cysteine knot proteins. In situ hybridization can be 
used to detect huckbein and tailless expression in D. melanogaster embryo (Casali and 
Casanova 2001). If the trunk-like from A. rosae has the ability to stimulate huckbein and 
tailless in this system it is likely that it has the same molecular function as is seen in D. 
melanogaster trunk. If less efficient expression is seen than the wild type then the trunk 
ortholog is either: - diverged or more likely to be a PTTH-like. If the trunk identified in 
Athalia rosae is a trunk then it evolved earlier than previously thought (before the evolution 
of the Hymenoptera). This is assuming that PTTH duplication occured in the holometabolous 
insects (Grillo et al., 2012) as opposed to early in the evolution of the Bilateria, as is suggested 




5.6.0 Parsimony reconstruction of torso-activation module 
components in the Coleoptera 
 
Torso orthologs were identified in all of the Coleoptera species included in the analysis. 
Torso from D. ponderosae was only identified after BLAST searching the D. ponderosae 
peptide database (GCA_000355655.1). Parsimony reconstruction suggests that torso was 
present in the common ancestor of the Coleoptera, and has been subsequently conserved in 
the Coleoptera (Figure 7A). PTTH orthologs were identified in O. taurus, T. castaneum and 
L. decemlineata, whereas trunk was identified in A. planipennis, T. castaneum and L. 
decemlineata (Figure 7C and D).  Parsimony reconstruction for both trunk and PTTH imply 
that they were both lost twice. PTTH was lost once in A. planipennis and once in D. 
ponderosae, whereas trunk was lost twice in separate occurrences in O. taurus and D. 
ponderosae (Figure 7C and D). Torso and trunk are both required for terminal patterning in 
T. castaneum (Schoppmeier and Schröder 2005; Grillo et al. 2012). torso is also required for 
the regulation of ecdysteroidogenesis in L. decemlineata, possibly through PTTH (although 
this has not been proven conclusively) (Zhu et al. 2015). 
As no trunk orthologs were identified in O. taurus and D. ponderosae further experimentation 
may reveal alternative mechanisms through which these species undergo terminal patterning. 
RNA sequencing of embryos during early development and mature oocyte could be used to 
identify if trunk orthologs can be detected in O. taurus as well as showing its expression 
during these developmental stages.  
As no PTTH orthologs were identified in A. planipennis and D. ponderosae further 
experimentation may reveal alternative mechanisms through which these species undergo 
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pupation and moulting. RNA sequencing of larvae undergoing pupation or moulting could 
also be used to identify the missing PTTH orthologs of A. planipennis as well as showing its 
expression during these developmental stages. 
Previous experiments have thoroughly sequenced the transcriptome of D. ponderosae at all 
stages of development (Keeling et al. 2012). Although the transcriptome of D. ponderosae 
has been thoroughly sequenced, the cysteine knot proteins trunk and PTTH have not been 
identified in these transcriptomes (Figure 7C and D). 
If trunk is absent from O. taurus, RNAi could be employed to knockdown torso to see if this 
results in terminal patterning and pupation and moulting defects. Immunohistochemistry 
performed using the dp-ERK antibody during the early embryonic development of O. taurus 
would allow MAPK activity to be visualized. If MAPK activity can be seen in the anterior 
and posterior poles of the embryo then it is more possible that torso is active in the patterning 
of this species. RNAi could additionally be used to knockdown O. taurus torso to see if it is 
involved in pupation and moulting or terminal patterning. RNAi has successfully been used 
to knockdown genes in O. taurus making it a valid experimental method (Moczek and Rose 
2009). 
Similar experimental techniques could be used to analyse A. planipennis PTTH activity. 
RNAi could be used to knockdown PTTH in A. planipennis during terminal patterning, 
pupation and moulting to assess its involvement in these developmental processes by 
examining any developmental defects. In situ hybridization could subsequently be used to 
observe PTTH expression in order to discern what developmental stages or tissues it is 
expressed in. RNAi for torso during terminal patterning would enable the determination of 
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its involvement in terminal patterning in A. planipennis. RNAi is a viable technique in A. 
planipennis due to the conservation of key components and a strong decrease in gene 
expression in response to double stranded RNA (Zhao et al. 2015). 
In most of the Coleoptera in which a torso orthologs was found, PTTH and/or trunk was also 
present. In D. ponderosae torso is present whilst trunk and PTTH are absent(Figure 7C and 
D). If trunk and PTTH are really missing in this species then the presence of torso in D. 
ponderosae may be an example of a recent loss of trunk and PTTH, or alternatively torso has 
been repurposed and has co-opted a new ligand. Further experimental analysis of the 
processes responsible for pupation, moulting and canonical terminal patterning in D. 
ponderosae could be an interesting example of how these important new developmental 
processes can evolve in a short evolutionary timeframe.  
Expressing torso from D. ponderosae in a torso knockout Tribolium or Drosophila would 
allow for the testing of conserved function of D. ponderosae torso, if it rescues canonical 
terminal patterning, pupation and moulting in Tribolium or Drosophila. It is however 
possible that if this is a recent loss it is more likely that function may be conserved. If D. 
ponderosae does not employ the same mechanism for controlling canonical terminal 
patterning as Tribolium or Drosophila it could be useful to attempt to identify the newly 
evolved mechanism through which Dendroctonus controls the processes of terminal 
patterning, pupation and moulting. Alternatively, knocking out torso, or performing RNAi in 
D. ponderosae and screening for defects in canonical terminal pattering, moulting or 
pupation, would be useful in establishing the involvement of D. ponderosae torso in these 
processes. RNAi has been used to knock-down torso in L. decemlineata providing a useful 
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protocol for undertaking the same experiments in D. ponderosae (Zhu et al. 2015). As RNAi 
has also been used to knock down genes in Dendroctonus armandi it is more likely to be 
successful in D. ponderosae (Zhang et al. 2016). 
D. ponderosae is an indigenous pest of North American pine. D. ponderosae has been known 
to damage millions of hectares of forestry land, with the most recent outbreak being the 
largest in recorded history (Taylor et al. 2006; Raffa et al. 2013). Climate change is thought 
to be one of the driving factors behind the increase in size of infestations, due to an increase 
in suitable weather conditions (Bentz et al. 2010). An increase in global temperature could 
additionally allow D. ponderosae to invade naïve forests in regions which were previously 
inaccessible (Bentz et al. 2010). A new method of controlling D. ponderosae spread would 
be advantageous in the attempt to prevent damage to vast boreal forests.   Identification of 
the mechanisms employed in canonical terminal patterning, pupation and moulting in D. 
ponderosae may allow for the identification of a novel insecticide target which could allow 
for more specific control of this ecologically and economically damaging pest. 
 
5.7.0 Parsimony reconstruction of torso-activation module 
components in the Lepidoptera and Trichoptera 
 
Torso orthologs were identified in the Lepidoptera species D. plexippus, B. mori and M. 
sexta, whereas ortholog were not identified in the Trichoptera (L. lunatus) (Figure 7A).  
PTTH and torso are conserved in all of the Lepidoptera species included in the analysis 
(Figure 7A and C). The control of pupation and moulting in this pathway is therefore likely 
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to be ancestrally conserved in this group. The broadly conserved nature in the Lepidoptera is 
in stark contrast to the absence of not only PTTH but also torso in the closely related group 
Trichoptera (Figure 7A and C). If the apparent absence in the Trichoptera is real then the 
Trichoptera must have an entirely different mechanism for controlling pupation and 
moulting. Trichoptera and Lepidoptera are also different in that L. lunatus also has a trunk 
ortholog whereas none of the Lepidoptera do (Figure 7D). The presence of this trunk ortholog 
makes the apparent absence of torso in L. lunatus less likely. The presence of trunk in L. 
lunatus suggests that it undergoes canonical terminal patterning using the torso-trunk system. 
Therefore RNA sequencing could be employed to attempt to find torso in L. lunatus by 
sequencing the transcriptome of mature oocytes during stages of their development when 
torso is likely to be more highly expressed. If torso is not identified in L. lunatus then it is 
possible that trunk has an alternative role to canonical terminal patterning in the Trichoptera. 
Expressing L. lunatus trunk in a trunk knock-out Drosophila (or another species which 
controls canonical terminal patterning through torso and trunk) to determine whether it 
rescues the trunk knock-out phenotype.  If L. lunatus trunk rescues the Tribolium trunk 
knock-out phenotype then it can be concluded whether L. lunatus trunk has a conserved 





5.8.0 Parsimony reconstruction of torso-activation module 
components in the Diptera 
 
Torso has been identified in all of the Diptera included in the analysis. Therefore torso is 
likely to have been present in the common ancestor of the Diptera, This conclusion is 
supported by parsimony reconstruction (Figure 7A). PTTH orthologs are present in all 
Diptera included in the analysis, which makes it likely that the common ancestor of all 
Diptera have an ortholog (Figure 7C). The presence of PTTH as the common ancestor of the 
Diptera is supported by a parsimony reconstruction (Figure 7C). Trunk is universally 
conserved in the Drosophila, Musca and Mosquito species included in the analysis (Figure 
7D). However, a trunk ortholog was not identified in the Tephritid flies (Figure 7D). 
Parsimony reconstruction of trunk in the Diptera implies that it is present in the common 
ancestor. If trunk is present in the common ancestor of the Diptera then it was likely to have 
been lost once in the common ancestor of the included Tephritid flies.  
Components of the Torso Activation Module are broadly conserved in the Diptera, The one 
exception is the absence of trunk from the Tephritid flies (Figure 7D). Previous research has 
concluded that canonical terminal patterning is universally conserved in the Diptera, These 
data imply that this is not the case. The absence of trunk from the genomes of the Tephritid 
flies brings in to question the mechanism through which this group establishes the terminal 
regions of the developing embryo. Although the Tephritid flies have lost trunk they retain 
the components involved in pupation and moulting - torso and PTTH.  
The mechanism through which Tephritid flies undergo terminal patterning can be better 
understood through the use of a number of experiments. Undertaking RNA sequencing on 
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Tephritid fly embryos would be the first step in concluding the absence of trunk. RNA 
sequencing before and after canonical terminal patterning would allow for differential 
expression of transcripts to be observed. Likely canonical terminal patterning candidates can 
then be identified and validated. If trunk were not identified in the Tephritid flies then it 
would be useful to perform RNAi on torso and observe embryos to identify any 
developmental defects that may arise. If a canonical terminal patterning defect is observed it 
is likely that torso is still the receptor responsible for canonical terminal patterning. If no 
early developmental defects are observed then the involvement of torso can be ruled out, and 
a novel mechanism for controlling canonical terminal patterning must have evolved. If torso 
is likely to be involved in canonical terminal patterning performing RNAi on PTTH would 
help to rule PTTH out as the ligand responsible for activating torso in canonical terminal 
patterning in the Tephritid flies. RNAi is an established method in both C. capitata and B. 
dorsalis (Pane et al. 2002; Salvemini et al. 2009; Li et al. 2011). An alternative approach 
would be to assay for torso activity during early embryo development, using 





















5.9.0 Examining torso-like Evolution in the Arthropods using 
Parsimony based reconstruction of the ancestral state 
 
Torso-like is broadly conserved throughout the Arthropods as orthologs were identified in 
all species that have been analysed in this study. Parsimony reconstruction implies that the 
common ancestor of the Arthropods is likely to have had a torso-like ortholog (Figure 7E). 
The early evolution of torso-like is in agreement with the hypothesis that suggests that torso-
like evolved early in the Arthropods, and was subsequently co-opted to be used in canonical 
terminal patterning in the Coleoptera and Diptera.  
Unlike the other holometabolous insect groups the Lepidoptera have two torso-like orthologs, 
which is likely to have resulted from an ancestral duplication after the divergence of the 
Lepidoptera from the Trichoptera. Whether these torso-like orthologs are discrete in function 
is yet to be established. Comparing the variation of Lepidoptera embryos on which RNAi for 
either one or both of the torso-like orthologs would provide some insight into the role the 
torso-like orthologs are responsible for in the development of Lepidoptera. Using RNA 
sequencing during different stages of Lepidoptera embryo development, may aid to pinpoint 
the stage in development when the torso-like orthologs are expressed. Establishing the 
expression of each Torso-like ortholog during different stages of development would 
additionally provide some insight into the role they have in Lepidoptera development. Once 
the time frame for torso-like activity has been established, in situ hybridisation would allow 
for the region of torso-like expression to be more accurately determined. 
Torso-like duplications also appear in the Hemiptera, however unlike in the Lepidoptera the 
duplications appear to be species specific in the Hemiptera species. A similar cascade of 
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experiments to those suggested to be performed in the Lepidoptera could be employed to 






6.0.0 Summary and Future Directions 
 
The data within this thesis provides a solid starting point from which the evolution of the 
Torso Activation Module can be further explored. The research findings within are limited 
in that only peptides that have been correctly sequenced and annotated, in their respective 
genomes, are likely to be uncovered. It is therefore suggested that the absence of components 
of the Torso Activation Module are further analysed, through transcriptome sequencing, in 
order to establish whether the absence reflects a real absence in the species analysed as 
opposed to a sequencing or annotation error.  
A range of additional experimental techniques would enable a clearer understanding of what 
components of the Torso Activation Module are accomplishing in different insect species. 
Arthropod species in which torso has been identified but one or both of the associated 
cysteine knot proteins have not yet been identified, such as D. ponderosae (a species in which 
Torso Activation Module Components appear to be absent but are present in related species 
like T. castaneum) are good candiates for further reasearch. 
The techniques of RNAi, immunohistochemistry, and in-situ hybridisation would be useful 
tools in discerning the plausible role of identified components. RNAi provides a convenient 
method through which Torso Activation Module Components can be knocked-down in order 
to establish whether identified components are involved in previously defined processes like 
canonical terminal patterning, pupation and moulting (Rewitz et al. 2009; Schoppmeier and 
Schröder 2005; Grillo et al. 2012). RNAi has been used in a range of insects species making 
it a usefull tool for analysing the pupation and moulting system in other insect species (Zhu 
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et al. 2012; El-Shesheny et al. 2013; Moczek and Rose 2009; Zhao et al. 2015; Zhang et al. 
2016; Pane et al. 2002; Salvemini et al. 2009; Li et al. 2011) 
The activation of torso during embryogenesis could be assessed through the use of 
immunohistochemistry using the antibody for dp-ERK that detects mitogen-activated protein 
kinase activity (Duncan et al. 2013). This technique would be particularly useful in situations 
in which a torso ortholog has been identified but no ligands have been identified, such as in 
D. ponderosae. 
In situ hybridisation for the RNA sequence of general downstream targets of canonical 
terminal patterning, tailless and huckbein in D. melanogaster, would allow for further insight 
into the regulation of these genes. A better understanding of when in the evolution of the 
arthropods tailless become regulated by trunk and torso could be obtained through In situ 
hybridisation for the RNA for tailless and huckbein in the Tephritid flies, and would aid in 
further understanding of what new mechanisms evolved to control patterning in the absence 
of trunk.  
It is additionally suggested that in cases where an absence of a Torso Activation Module 
Component is particularly surprising,  that RNA sequencing is undertaken on embryos (for 
trunk) or the Prothoracic gland (for PTTH). 
The continuation of i5k project will result in additional Arthropod genomes becoming 
available, allowing for the presence or absence of Torso Activation Module in a broader 
range of Arthropods (i5K Consortium 2013; Robinson et al. 2011). Assessing the presence 
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or absence of Torso Activation Module components in other insect species would provide 







Studies of the Torso Activation Module in a broad range of Arthropods has provided further 
insight into the evolution of this pathway. In concordance with previous research on the 
subject, trunk and PTTH in the Arthropods appear to have originated from noggin-like genes 
(Duncan et al. 2013). The involvement of the Torso Activation Module in moulting and 
pupation in Arthropods appears to be older than its role seen in canonical terminal patterning, 
with a broader range of insects possessing a conserved PTTH and trunk being restricted to 
the Coleoptera, Trichoptera and Diptera groups (besides the apparent presence in the 
Hymenoptera A. rosae and the mollusc L. gigantea). The apparent presence of trunk/PTTH 
orthologs in the Mollusc (L. gigantea) and Chelicerates (I. scapularis) implies that 
trunk/PTTH like peptides have evolved twice independently. PTTH and therefore the 
moulting and pupation roles of the Torso Activation Module are first apparent in the 
Hemiptera. As PTTH is present earlier in the evolution of the insects it is likely that 
components were co-opted from the Torso Activation Module in order to fulfill its new 
function in canonical terminal patterning. 
The evolution of torso is much earlier than the origin of both trunk and PTTH. This suggests 
that not only was torso co-opted into its role in terminal patterning, but was also previously 
co-opted by PTTH for the role in pupation and moulting. Further research into the function 
of torso in Arthropods which do not have a PTTH dependent pupation and moulting would 
allow for a better understanding of its role before pupation and moulting in insects. 
Torso-like is broadly conserved throughout the arthropods since the evolution of the 
crustacean. The broad conservation of torso-like implies that it has an important function that 
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still needs to be uncovered if we are to understand the evolution of canonical terminal 
patterning. A number of torso-like duplication events have been uncovered in the Arthropods, 
including the Lepidoptera, in which a basal duplication is likely to have taken place in the 
common ancestors of the Lepidoptera.  
The variability in presence of Torso Activation Module Components highlights the diverse 
range of mechanisms through which Arthropods have been able to perform key 
developmental functions. Understanding how different Arthropods undergo the processes of 
patterning, pupation and moulting will not only provide useful insights in regards to how 
Torso Activation Module dependent Arthropods develop but will highlight how alternative 
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Appendix 5: Arthropod Peptide Databases 
 
Group Species Common Name Genome Sequence Database 
Blattodea Blattella germanica German cockraoch https://i5k.nal.usda.gov/content/data-downloads 
Chelicerata Ixodes scapularis deer tick http://www.ncbi.nlm.nih.gov/assembly/GCF_000208615.1/ 
  Parasteatoda tepidariorum common house spider https://i5k.nal.usda.gov/content/data-downloads 
Coleoptera Agrilus planipennis emerald ash borer https://i5k.nal.usda.gov/content/data-downloads 
  Dendroctonus ponderosae mountain pine beetle http://www.ncbi.nlm.nih.gov/assembly/GCA_000355655.1/  
  Leptinotarsa decemlineata Colorado potato beetle https://i5k.nal.usda.gov/content/data-downloads 
  Onthophagus taurus taurus scarab https://i5k.nal.usda.gov/content/data-downloads 
  Tribolium castaneum red flour beetle http://www.ncbi.nlm.nih.gov/assembly/GCF_000002335.2/  
Crustacea Calanus finmarchicus   GenBank: AHN16693.1 
  Daphnia pulex water flea http://genome.jgi.doe.gov/Dappu1/Dappu1.download.ftp.html 
  Eurytemora affinis calanoid copepod https://i5k.nal.usda.gov/content/data-downloads 
  Hyalella azteca   https://i5k.nal.usda.gov/content/data-downloads 
  Lepeophtheirus salmonis salmo louse http://metazoa.ensembl.org/Lepeophtheirus_salmonis/Info/Index 
  Tigriopus californicus tidepool copepod https://i5k.nal.usda.gov/content/data-downloads 
Diplura Catajapyx aquilonaris Northern forcepstail https://i5k.nal.usda.gov/content/data-downloads 
Diptera Aedes aegypti yellow fever mosquito http://www.ncbi.nlm.nih.gov/assembly/GCF_000004015.3/  
  Anopheles darlingi American malaria mosquito http://www.ncbi.nlm.nih.gov/assembly/GCA_000211455.3/  
  Anopheles gambiae African malaria mosquito http://www.ncbi.nlm.nih.gov/assembly/GCF_GCF_000005575.2/  
  Anopheles sinensis   http://www.ncbi.nlm.nih.gov/assembly/GCA_000441895.2/  
  Bactrocera cucurbitae melon fly http://www.ncbi.nlm.nih.gov/assembly/GCF_000806345.1/  
  Bactrocera dorsalis Oriental fruit flly http://www.ncbi.nlm.nih.gov/assembly/GCF_000789215.1/  
  Ceratitis capitata Mediterranean fruit fly http://www.ncbi.nlm.nih.gov/assembly/GCF_000347755.1/  
  Culex quinquefasciatus Southern house mosquito http://www.ncbi.nlm.nih.gov/assembly/GCF_000209185.1/  
  Drosophila ananassae fruit fly http://www.ncbi.nlm.nih.gov/assembly/GCF_000005115.1/  
  Drosophila biarmipes fruit fly https://i5k.nal.usda.gov/content/data-downloads 
  Drosophila bipectinata fruit fly https://i5k.nal.usda.gov/content/data-downloads 
  Drosophila erecta fruit fly http://www.ncbi.nlm.nih.gov/assembly/GCF_000005135.1/  
  Drosophila ficusphila fruit fly https://i5k.nal.usda.gov/content/data-downloads 
  Drosophila grimshawi fruit fly http://www.ncbi.nlm.nih.gov/assembly/GCF_000005155.2/  
  Drosophila melanogaster common fruit fly http://www.ncbi.nlm.nih.gov/assembly/GCF_000001215.4/  
  Drosophila mojavensis fruit fly http://www.ncbi.nlm.nih.gov/assembly/GCF_000005175.2/  
  Drosophila persimilis fruit fly http://www.ncbi.nlm.nih.gov/assembly/GCF_000005195.2/  
  Drosophila pseudoobscura fruit fly http://www.ncbi.nlm.nih.gov/assembly/GCF_000001765.3/ 
  Drosophila rhopaloa fruit fly https://i5k.nal.usda.gov/content/data-downloads 
  Drosophila sechellia fruit fly http://www.ncbi.nlm.nih.gov/assembly/GCF_000005215.3/  
  Drosophila simulans fruit fly http://www.ncbi.nlm.nih.gov/assembly/GCF_000259055.1/  
  Drosophila takahashii fruit fly https://i5k.nal.usda.gov/content/data-downloads 
  Drosophila virilis fruit fly http://www.ncbi.nlm.nih.gov/assembly/GCF_000005245.1/  
  Drosophila willistoni fruit fly http://www.ncbi.nlm.nih.gov/assembly/GCF_000005925.1/  
  Drosophila yakuba fruit fly http://www.ncbi.nlm.nih.gov/assembly/GCF_000005975.2/  
  Musca domestica common housefly http://www.ncbi.nlm.nih.gov/assembly/GCF_000371365.1/  
Ephemeroptera Ephemera danica green drake https://i5k.nal.usda.gov/content/data-downloads 
Hemiptera Acyrthrosiphon pisum pea aphid http://www.ncbi.nlm.nih.gov/assembly/GCF_000142985.2/  
  Cimex lectularis bed bug https://i5k.nal.usda.gov/content/data-downloads 
  Diaphorina citri Asian citrus psyllid https://i5k.nal.usda.gov/content/data-downloads 
  Gerris buenoi blue-winged water strider https://i5k.nal.usda.gov/content/data-downloads 
  Halyomorpha halys brown marmorated stink bug https://i5k.nal.usda.gov/content/data-downloads 
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  Homalodisca coagulata (Hvit) glassy-winged sharpshooter https://i5k.nal.usda.gov/content/data-downloads 
  Oncopeltus fasciatus large wilkweed bug https://i5k.nal.usda.gov/content/data-downloads 
Hymenoptera Acromyrmex echinatior Panamanian leafcutter ant http://hymenopteragenome.org/acromyrmex/ 
  Apis dorsata giant honeybee http://www.ncbi.nlm.nih.gov/assembly/GCF_000184785.1/ 
  Apis florea dwarf honeybee http://www.ncbi.nlm.nih.gov/assembly/GCF_000184785.1/ 
  Apis mellifera Western honey bee http://hymenopteragenome.org/beebase/ 
  Athalia rosae Turnip sawfly http://www.ncbi.nlm.nih.gov/assembly/GCF_000344095.1/  
  Atta cephalotes forest bachac http://hymenopteragenome.org/atta/ 
  Bombus impatiens common Eastern bumble bee http://hymenopteragenome.org/beebase/ 
  Bombus terrestris buff-tailed bumblebee Yet to be released: http://hymenopteragenome.org/beebase/ 
  Camponotus floridanus Florida carpenter ant http://hymenopteragenome.org/camponotus/ 
  Cerapachys biroi   http://hymenopteragenome.org/cerapachys/ 
  Ceratosolensolmsi marchali   http://www.ncbi.nlm.nih.gov/assembly/GCF_000503995.1/  
  Copidosoma floridanum   https://i5k.nal.usda.gov/content/data-downloads 
  Fopius arisanus   http://www.ncbi.nlm.nih.gov/assembly/GCF_000806365.1/ 
  Harpegnathos saltator Indian jumping ant http://hymenopteragenome.org/harpegnathos/ 
  Linepithema humile Argentine Ant http://hymenopteragenome.org/linepithema/ 
  Megachile rotundata alfalfa leafcutter bee http://www.ncbi.nlm.nih.gov/assembly/GCF_000184785.1/ 
  Microplitis demolitor   http://www.ncbi.nlm.nih.gov/assembly/GCF_000572035.1/  
  Nasonia vitripennis jewel wasp http://www.hymenopteragenome.org/nasonia/ 
  Pogonomyrmex barbatus red harvester ant http://hymenopteragenome.org/pogo/ 
  Solenopsis invicta fire ant http://hymenopteragenome.org/solenopsis/  
  Polistes dominula European paper wasp http://www.ncbi.nlm.nih.gov/assembly/GCF_001465965.1/ 
  Trichogramma pretiosum   https://i5k.nal.usda.gov/content/data-downloads 
  Vollenhovia emeryi   http://www.ncbi.nlm.nih.gov/assembly/GCF_000949405.1/  
  Wasmannia auropunctata little fire ant http://www.ncbi.nlm.nih.gov/assembly/GCA_000956235.1 
Isoptera Zootermopsis nevadensis Nevada termite http://www.ncbi.nlm.nih.gov/assembly/GCA_000696155.1/  
Lepidoptera Bombyx mori silk moth http://www.ncbi.nlm.nih.gov/assembly/GCF_000151625.1/  
  Danaus plexippus monarch butterfly http://www.ncbi.nlm.nih.gov/assembly/GCA_000235995.1/  
  Manduca sexta tobacco hawkmoth https://i5k.nal.usda.gov/content/data-downloads 
  Plutella xylostella diamond-backed moth http://www.ncbi.nlm.nih.gov/assembly/GCF_000330985.1/  
Odonata Ladona fulva scarce chaser https://i5k.nal.usda.gov/content/data-downloads 
Phthiraptera Pediculus humanus corporis human body louse http://www.ncbi.nlm.nih.gov/assembly/GCF_000006295.1/  
Trichioptera Limnephilus lunatus   https://i5k.nal.usda.gov/content/data-downloads 





Appendix 6: Minimum_Seq biopython code 
 
############################################################### 
#Minimum_Seq                                                  # 
#A simple program written in python to remove sequences which # 
#are under a specified length                                 # 
#Written by John Skelly                                       # 
############################################################### 
 
#Allows for minimum sequence length selection 
length = raw_input("input minimum desired sequence length: ") 
 
#Changes sequence minimum sequence length to integer 
int_length= int(length) 
 
#Allows for the specification of the output filename     
out_filename = raw_input("output filename: ")      
 
#Opens output file in writable format 
output = open(out_filename , "w") 
 
#Allow for the specification of the input filename 
in_filename = raw_input("input filename: ")   
 
#Import SeqIO 
from Bio import SeqIO 
 
#Only outputs sequences which are over a designated length 
#to the designated output file 
for seq_record in SeqIO.parse(in_filename, "fasta"): 
 
    if len(seq_record) >= int_length: 
     
        output.write('>' + seq_record.id + '\n') 
         
        output.write(str(seq_record.seq + '\n')) 
 
#closes output file         
output.close() 
